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Animal models of Parkinson’s disease (PD) have proved highly effective in the discovery of novel treatments for motor
symptoms of PD and in the search for clues to the underlying cause of the illness. Models based on specific pathogenic
mechanisms may subsequently lead to the development of neuroprotective agents for PD that stop or slow disease
progression. The array of available rodent models is large and ranges from acute pharmacological models, such as the
reserpine- or haloperidol-treated rats that display one or more parkinsonian signs, to models exhibiting destruction of the
dopaminergic nigro-striatal pathway, such as the classical 6-hydroxydopamine (6-OHDA) rat and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse models. All of these have provided test beds in which new molecules for treating the motor
symptoms of PD can be assessed. In addition, the emergence of abnormal involuntary movements (AIMs) with repeated
treatment of 6-OHDA-lesioned rats with L-DOPA has allowed for examination of the mechanisms responsible for treatment-
related dyskinesia in PD, and the detection of molecules able to prevent or reverse their appearance. Other toxin-based
models of nigro-striatal tract degeneration include the systemic administration of the pesticides rotenone and paraquat, but
whilst providing clues to disease pathogenesis, these are not so commonly used for drug development. The MPTP-treated
primate model of PD, which closely mimics the clinical features of PD and in which all currently used anti-parkinsonian
medications have been shown to be effective, is undoubtedly the most clinically-relevant of all available models. The MPTP-
treated primate develops clear dyskinesia when repeatedly exposed to L-DOPA, and these parkinsonian animals have shown
responses to novel dopaminergic agents that are highly predictive of their effect in man. Whether non-dopaminergic drugs
show the same degree of predictability of response is a matter of debate. As our understanding of the pathogenesis of PD has
improved, so new rodent models produced by agents mimicking these mechanisms, including proteasome inhibitors such as
PSI, lactacystin and epoximycin or inflammogens like lipopolysaccharide (LPS) have been developed. A further generation of
models aimed at mimicking the genetic causes of PD has also sprung up. Whilst these newer models have provided further
clues to the disease pathology, they have so far been less commonly used for drug development. There is little doubt that the
availability of experimental animal models of PD has dramatically altered dopaminergic drug treatment of the illness and the
prevention and reversal of drug-related side effects that emerge with disease progression and chronic medication. However,
so far, we have made little progress in moving into other pharmacological areas for the treatment of PD, and we have not
developed models that reflect the progressive nature of the illness and its complexity in terms of the extent of pathology and
biochemical change. Only when this occurs are we likely to make progress in developing agents to stop or slow the disease
progression. The overarching question that draws all of these models together in the quest for better drug treatments for PD
is how well do they recapitulate the human condition and how predictive are they of successful translation of drugs into the
clinic? This article aims to clarify the current position and highlight the strengths and weaknesses of available models.
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Abbreviations

6-OHDA, 6-hydroxydopamine; AAV, adeno-associated virus; AIMs, abnormal involuntary movements; AMPT,
o-methyl-p-tyrosine; DARPP-32, dopamine and cAMP-regulated phosphoprotein 32; DAT, dopamine transporter; GPj,
globus pallidus internus; LID, L-DOPA-induced dyskinesia; LRRK2, leucine-rich repeat kinase 2; MPP*, 1-methyl-4-
phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NET, noradrenaline transporter; PD,
Parkinson'’s disease; PINK1, PTEN-induced putative kinase 1; ROS, reactive oxygen species; SNpc, substantia nigra pars
compacta; UCHL-1, ubiquitin carboxy terminal hydrolase-1; VMAT?2, vesicular monoamine uptake transporter 2; VTA,

ventral tegmental area

Introduction

The classical motor symptoms of Parkinson’s disease (PD)
(akinesia, bradykinesia, rigidity, tremor and postural abnor-
malities) are associated with the loss of nigral dopaminergic
cells and a decline in caudate-putamen dopamine content
that led to the introduction of dopamine replacement
therapy. As a consequence, there has been a key role for
animal models of PD in devising novel pharmacological
approaches to therapy, in developing new treatment strate-
gies and in understanding the nature of the pathogenic pro-
cesses involved in neuronal loss. The discovery that
administration of reserpine or haloperidol to rodents and
rabbits led to a transient parkinsonian-like state was rapidly
followed by the key discovery that these symptoms were
reversed by the administration of L-DOPA (Carlsson et al.,
1957). This opened the door to an era where animal
models of PD were used to investigate the basis of
symptomatic treatment. More success followed when it was
discovered that the unilateral stereotaxic injection of
6-hydroxydopamine (6-OHDA) in to the substantia nigra or
the medial forebrain bundle caused the destruction of the
nigro-striatal pathway and so loss of dopaminergic input to
the striatum. This led to the introduction of the ‘circling’ rat
model of PD that dominated research for many years and
started the era of toxin use for producing animal models of
PD (Ungerstedt, 1968). Through these advances came novel
approaches to treatment such as the introduction of periph-
erally acting decarboxylase inhibitors, carbidopa and benser-
azide, that limited the peripheral side effects of L-DOPA and
allowed a lowering of dose as more drug entered the brain
(see, e.g., Pinder et al., 1976). More recently came the intro-
duction of selective monoamine oxidase-B (MAO-B) inhibi-
tors, selegiline and rasagiline, that slow the degradation of
dopamine formed from L-DOPA and prolong its duration of
effect and latterly catechol-O-methyl-transferase (COMT)
inhibitors, entacapone and tolcapone, that stop either the
peripheral or central metabolism of L-DOPA to 3-O-
methyldopa so again prolonging its duration of effect and
further increasing brain penetration of the drug (Fernandez
and Chen, 2007; Lees, 2008).

Critically, the chemical and toxin animal-based models of
PD ushered in the era of the use of synthetic dopamine
agonists with early interest in producing anti-parkinsonian
activity through post-synaptic dopamine receptor stimula-
tion in the striatum. Large numbers of molecules were
screened through the available models with, of course, many
failures at both the preclinical and clinical level on route to
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success. Apomorphine was the first compound used experi-
mentally that was eventually employed in the clinical treat-
ment of PD (see, for review, Lees, 1993). An early dopamine
agonist was piribedil, which was highly effective but, like
many ground-breaking molecules, its clinical application in
PD was not properly understood and rapid dose escalation
caused high levels of nausea, vomiting and gastrointestinal
disturbance that tainted its use (Rondot and Ziegler, 1992).
However, there followed the introduction of ergot derivatives
with bromocriptine, pergolide and cabergoline providing
effective control of the motor symptoms of PD (Montastruc
etal.,, 1993). The ergots have now been phased out due to
valvular effects in the heart that may reflect the broad phar-
macology of ergot derivatives and an action on 5-HT,; recep-
tors (Elangbam, 2010). However, non-ergot drugs were
already in use in PD, having been developed by employing
animal models of PD, and dopaminergic therapy in PD is now
centred on pramipexole, ropinirole and rotigotine as oral and
transdermal medications (Bonuccelli et al., 2009). As much of
the development of dopamine agonists was occurring, the
cloning of dopamine receptor subtypes took place, and the
animal models of PD were the test bed for examining their
role in controlling motor function and specifically at exam-
ining the interaction between D;-like and D,-like receptors
and the relationship to anti-parkinsonian activity and side
effect profile (Jenner, 1995; 2002; 2003a).

What followed set the stage for a major advance in the
development of animal models of PD and increased under-
standing of the processes connected to nigral dopaminergic
cell loss. The discovery of the selective nigral toxicity of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), pro-
duced through mitochondrial inhibition caused by its
metabolite 1-methyl-4-phenylpyridinium (MPP*), brought a
new impetus to animals models of PD (see Langston, 1987).
While MPTP was toxic to nigral dopaminergic neurons in
some mouse strains, it was its ability to destroy these cells in
primate brain and to induce a motor syndrome closely resem-
bling that occurring in man that allowed the first effective
primate model of PD to be developed. Previously, only elec-
trolytic or radiofrequency lesioning of the basal ganglia had
taken place in primate species (Sourkes and Poirier, 1966;
Poirier et al., 1975), so the discovery of MPTP was a toxin-
based revolution. Very quickly it was realized that the
MPTP-treated primate not only responded to all known anti-
parkinsonian medication, but that it was highly predictive of
the effects of dopaminergic drugs subsequently examined in
clinical trial (Jenner, 2003b; 2008). The MPTP-treated primate
remains a model of PD through which drugs must almost



inevitably pass during the process of selection for clinical trial
programmes in PD.

Very soon after the introduction of L-DOPA for the treat-
ment of PD, it was realized that on chronic drug treatment
and with disease progression, significant motor fluctuations
(‘on-off’, ‘wearing off’ and freezing) and motor complications
(chorea, dystonia, athetosis — collectively called dyskinesia)
were common side effects (Jankovic, 2005). Attention turned
to the animal models of PD to determine the cause of these
side effects and to devise strategies for their prevention and
treatment. Some success was achieved with reports of
‘wearing off’ in 6-OHDA-lesioned rats treated with L-DOPA
(Papa et al., 1994), but in reality, it was only when the MPTP-
treated primate model of PD was devised that dyskinesia as it
occurs in man was seen after repeated L-DOPA treatment
(Bedard etal., 1986; Clarke etal., 1987). This opened a
gateway for looking at treatments that would lessen the
induction of dyskinesia, such as longer-acting dopamine ago-
nists, and as a test bed for examining novel drug molecules
that might suppress established involuntary movements.
More recently, similar success has been achieved in the rat
with the recognition of abnormal involuntary movements
(AIMs) as a rodent manifestation of dyskinesia and the use of
this model to detect anti-dyskinetic strategies (Lundblad
etal., 2002).

Finally, some introduction needs to be given to the role of
experimental animal models of PD in understanding the
pathogenic processes that occur and how these might be
prevented. This is an on-going story as, so far, there has been
virtually no translation from the animal model to clinical
neuroprotection in PD (Jenner, 2008). However, since
6-OHDA acts through oxidative stress, MPTP/MPP* and roten-
one thorough mitochondrial complex I inhibition, PSI and
epoximycin through proteasomal inhibition and lipopolysac-
charide (LPS) through glial cell activation, all of these toxins
have been used to test neuroprotective agents based on the
knowledge that the processes involved are those known to
contribute to pathogenesis in PD. In addition, the discovery
of gene defects in familial PD (Hardy, 2010) and the identi-
fication of the resultant mutant proteins/enzymes have raised
the hope that transgenic mice models might provide realistic
models of PD as it occurs in man. Several autosomal-
dominant transgenic models carrying a-synuclein or leucine-
rich repeat kinase-2 (LRRK2) mutations have been described,
but whilst many of these express inclusions, they fail to
display robust neurodegeneration. Autosomal-recessive
models with knockout of PTEN-induced putative kinase
(PINK 1), Parkin or DJ-1 similarly fail to exhibit nigro-striatal
pathology, so the development of more realistic transgenic
models is still some way off.

So a variety of animal models of PD exist for a variety of
uses. This review will undertake a detailed analysis of each
model, describing its induction, key features, measureable
end-points and impact on research in the PD field in terms
of advancing our understanding of the disease itself and the
role each has played in drug discovery programmes. The
ideal model for PD would show a high degree of construct
validity - that is similar pathogenesis to the disease (e.g.
underlying oxidative stress, inflammation, complex I inhibi-
tion or proteasome inhibition), of face validity — that is simi-
larity in symptoms (e.g. akinesia, rigidity), biochemistry (e.g.
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reduced striatal dopamine and altered downstream neuro-
chemistry) and pathology (nigro-striatal tract degeneration
and Lewy body deposition) to the human condition as well as
predictive validity — that is the ability to positively identify
agents that are clinically effective. Where known, these simi-
larities will be brought out in the discussion of each model.
Whilst much emphasis will inevitably be placed on the valid-
ity of models to assess drugs that can combat the motor
symptoms and treatment-related complications occurring in
PD, the ability of current models to assess the efficacy of
neuroprotective agents will also be explored. Importantly, the
review will highlight the positives and negatives of using the
available animal models and look at the types of models that
will be required in the future and their characteristics that
will lead to the introduction of a new generation of molecules
that will treat both the symptoms of PD and the disease
process.

Pharmacological models

Reserpine model
The reserpine-treated rodent was one of the earliest animal
models employed in PD research. Although quite a crude
pharmacological mimic of the neurochemistry of PD, this
model was instrumental in first demonstrating the therapeu-
tic efficacy of what still remains the gold-standard treatment
for PD, L-DOPA. It was in the late 1950s, that Carlsson et al.
(1957) first demonstrated the ability of L-DOPA, the endog-
enous dopamine precursor to reverse the then-described
‘tranquillizing’ effects of reserpine pretreatment in mice
(Carlsson et al., 1957). This effect was soon recapitulated in
humans (Degkwitz et al., 1960), and the reserpine-treated
mouse or more commonly rat became established as a robust
screen for potential symptomatic efficacy of new drugs in PD.
From a disease perspective, the reserpine model has also made
important contributions to our understanding of the link
between monoamine depletion and parkinsonian symptoms.
Reserpine (usual dose 4-5 mg-kg™ s.c.) works by inhibit-
ing the vesicular monoamine transporter, VMAT2. This leads
to loss of storage capacity and hence depletion of brain (and
peripheral) monoamines including noradrenaline and 5-HT
as well as dopamine. Although this lack of selectivity for
dopamine was once considered a failure of the reserpine
model to accurately reflect the biochemistry of PD, the sub-
sequent realization that noradrenergic and serotonergic
systems are also affected in PD (Jellinger, 1991) argues in
favour of the reserpine model being a relatively good mimic
of the disease biochemistry. Most attention has nevertheless
been paid to the dopaminergic deficit, and it is known that
reserpine produces ~85% loss of dopamine in the SNpc and
>95% dopamine depletion in the striatum within 2 h of injec-
tion (Heeringa and Abercrombie, 1995). Although dopamine
content in the SNpc returns to ~30% by 24 h post injection,
striatal dopamine depletion persists at >95% for at least 24 h
(Heeringa and Abercrombie, 1995). Reserpine may also be
given in combination with AMPT (o-methyl-p-tyrosine),
which inhibits synthesis of dopamine and noradrenaline, to
potentially prolong the neurochemical deficits, although our
experience is that such combined treatment is not necessary.
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Reserpine also induces changes in other basal ganglia nuclei.
For example, firing of the subthalamic nucleus (STN) is
increased approximately 50% (Robledo and Feger, 1991), an
increase that occurs in PD (Hutchison et al., 1998; Benazzouz
et al., 2002), and extracellular glutamate levels are elevated in
the basal ganglia output regions, specifically the entopedun-
cular nucleus (the rat homologue of internal globus pallidus
or GPi) (Biggs et al., 1997). Behaviourally, reserpine induces
features of akinesia and hind limb rigidity in rats that are
representative of symptoms associated with PD. Therefore,
whilst showing little in the way of construct validity, the
reserpine model does, on balance, have sound face validity.
Reversal of akinesia or rigidity is used as a predictive indicator
of likely symptomatic efficacy of new agents. Reserpine-
treated rats remain fully akinetic for up to 24 h, mirroring the
sustained deficits in striatal dopamine, during which time
reversal of akinesia following acute drug administration can
be monitored. Beyond this time, the behaviour of rats starts
to return, in line with their striatal dopamine replenishment
(Betts and Duty, unpubl. obs.), so the model cannot be
used to monitor efficacy produced by drugs on repeated
administration.

In the early stages of target validation, direct intracerebral
injection may be required as either the available tools do not
adequately cross the blood-brain barrier or because specific
anatomical targeting is desirable. Under these circumstances,
a simple measure of contraversive circling behaviour follow-
ing direct unilateral injection of agents in to reserpine-treated
rodents may be taken as an index of anti-akinetic efficacy
(Maneuf et al., 1996; Dawson et al., 2000; Johnston and Duty,
2003; MacInnes et al., 2004). Bilateral systemic or intracere-
broventricular administration of anti-parkinsonian agents,
on the other hand, produces an overall increase in locomotor
activity that can be measured using any one of a number of
automated or less sophisticated systems (e.g. Nash etal.,
1999; Maclnnes et al., 2004). Although less commonly used,
reversal of hind limb rigidity, measured as muscle resistance
in response to passive flexion and extension of the rat’s hind
limb, also reflects an anti-parkinsonian effect. In line with
striatal dopamine depletion, this rigidity peaks within 1-2 h
of reserpine and is maintained for up to 24 h (Goldstein et al.,
1975; Lorenc-Koci and Wolfarth, 1999), again allowing only
short-term drug testing.

Although the reserpine model mimics major components
of the biochemistry of PD and induces akinesia and rigidity
that reflect clinical features of the disease, there is no nigral
dopaminergic cell degeneration, so the model is restricted to
assessing novel approaches to symptomatic treatment.
However, within this framework, the reserpine-treated rat
has proven very useful at predicting the efficacy of both
dopaminergic and non-dopaminergic drugs that are then
progressed through to examination in more complex animal
models. Indeed, all of the dopaminergic drugs in current
clinical use to manage PD symptoms, including apomor-
phine, pramipexole, ropinirole, pergolide, bromocriptine
and cabergoline, have, like L-DOPA, displayed efficacy in the
reserpine-treated rat, supporting the predictive validity of
this model (Goldstein etal., 1975; Johnson etal., 1976;
Johnels, 1982; Colpaert, 1987; Miyagi et al., 1996; Maj et al.,
1997; Fukuzaki et al., 2000a). Other clinically utilized agents,
for example muscarinic antagonists such as benztropine and
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trihexyphenidyl (Goldstein et al., 1975), MAO-B or COMT
inhibitors such as selegiline, rasagiline or tolcapone (Col-
paert, 1987; Maj et al., 1990; Skuza et al., 1994; Finberg and
Youdim, 2002) and amantadine (Goldstein et al., 1975; Col-
paert, 1987; Skuza et al., 1994) show efficacy either alone or
in combination with a subthreshold dose of L-DOPA in
reserpine-treated rats (summarized in Table 1). These find-
ings highlight the strong predictive validity of the reserpine-
treated rat and justify its maintained position as a key model
of choice for early preclinical stages of drug discovery pro-
grammes. This position is confirmed by its continued use
today to assess anti-parkinsonian efficacy of both dopamin-
ergic agents, for example D; receptor agonists (Ghosh et al.,
2010) and non-dopaminergic agents, including group III
metabotropic glutamate (mGlu) receptor agonists or positive
allosteric modulators (Niswender et al., 2008; Austin et al.,
2010) and mixed adenosine Azs:/A; antagonists (Shook et al.,
2010).

Haloperidol model
The other pharmacological model of PD is the haloperidol-
treated rat, which again shows little construct validity. Halo-
peridol works by antagonizing dopamine D, and, to a lesser
extent, D; receptors in medium spiny neurons that comprise
the indirect and direct pathways of the motor circuit respec-
tively. The resultant block of striatal dopamine transmission
results in abnormal downstream firing within the basal
ganglia circuits that is manifest as symptoms of muscle
rigidity and catalepsy within 60 min of haloperidol (0.5-
5 mg-kg”, i.p.) injection (see, e.g., Sanberg, 1980). Although
rigidity is a feature of PD, providing this model with some
face validity, catalepsy, which is expressed as the inability of
an animal to correct itself from an abnormally imposed
posture, is not directly associated with PD. However, cata-
lepsy may be likened to the inability of patients to initiate
movements and so could be considered a worthwhile
measure. As a biochemical mimic of PD, the haloperidol
model was considered weak, but the recent demonstration
that acute administration of haloperidol reduces striatal
content of dopamine, noradrenaline and 5-HT (Kulkarni
etal.,, 2009) may reverse this notion. Downstream of the
striatum, the changes exhibited by haloperidol also support
face validity of this model since elevated levels of extracellu-
lar glutamate (which may result from increased STN activity
noted in PD) have been reported in the entopeduncular
nucleus following haloperidol injection (Biggs et al., 1997).
The anti-parkinsonian efficacy of novel agents is assessed
in the haloperidol model as the reversal of rigidity (as above)
or catalepsy. In order to facilitate better comparison of data
between laboratories, a common ‘bar test’ is utilized whereby
catalepsy is measured as the time taken for an animal to
remove its forepaws from a bar, so-called descent latency,
although variations in bar height (set at 6-10 cm), cut-off
time (60-300s), dose of haloperidol (0.5-10 mg-kg™") and
animal sensitivities still render cross-lab comparisons difficult
(Sanberg et al., 1988). However, as summarized in Table 1, a
number of the drugs in current clinical use for PD have
shown efficacy in the haloperidol model, including L-DOPA,
bromocriptine, pramipexole, trihexyphenidyl and amanta-
dine (Zetler, 1970; Zebrowska-Lupina et al., 1985; Kobayashi
etal., 1997; Maj et al., 1997). Other drugs including benz-



Table 1

Predictive validity of the main animal models of Parkinson’s disease

Animal models of Parkinson’s disease

Animal model Reserpine Haloperidol
L-DOPA =+ carbidopa v v
Dopamine agonists

Apomorphine v v/ and X

Bromocriptine 4 4

Cabergoline v -

Pramipexole v 4

Pergolide 4 —

Ropinirole 4 =

Rotigotine - -
MAO-B inhibitors

Selegiline v/ %

Rasagiline v 4
COMT inhibitors

Entacapone - -

Tolcapone Vb /e
Anticholinergics

Trihexyphenidyl Ve v

Benztropine /e Ve

Orphenadrine - -

Procyclidine - -
Miscellaneous

Amantadine v v

6-OHDA MPTP mouse Rotenone MPTP primate
v v v v
v X v 4
4 v - 4
4 v - 4
v 4 - 4
v - - 4
4 - - 4
v - - 4
%% % - %
%% - - %
%% - - %
% % - %
- - - 4
- - - 4
v % - v

Table 1 indicates which animal models of PD have proven effective in predicting the symptomatic efficacy of the drugs in current clinical use.
Unless otherwise stated, the models are produced in rat. The drug list was compiled from the Parkinson’s UK web site: http://
www.parkinsons.org.uk/about_parkinsons/treating_parkinsons.aspx. Accessed 04/08/2010.

?Enhancing effects of L-DOPA.

bEnhanced reserpine-induced hypothermia; —, not tested. Relevant references are cited in the accompanying text.

‘Only tested against rigidity.

tropine, tolcapone, selegiline and rasagiline have also been
shown to enhance the effects of L-DOPA (Erzin-Waters et al.,
1976; Nuutila etal., 1987, Maj etal., 1990; Speiser etal.,
1998), supporting the predictive validity of this model,
though the effects of apomorphine are unpredictable (Erzin-
Waters et al., 1976; Elliott et al., 1990). In common with the
reserpine model, the haloperidol model fails to display any of
the characteristic pathology associated with PD, so its use is
again limited. Nevertheless, it remains a popular model of
choice for assessing the potential symptomatic efficacy of
novel non-dopaminergic agents including mGlu,-positive
allosteric modulators, Adenosine A,)/A; antagonists and
mGlu; agonists in PD (Niswender et al., 2008; Neustadt et al.,
2009; Greco et al., 2010; Shook et al., 2010).

Although the pharmacological models have a valuable
place in the discovery of symptomatic drugs for PD, they
have serious limitations. First, they are only transient, and
this limits their long-term usefulness. In a condition like PD
where drugs will be administered chronically, the need to
assess the long-term symptom relief in animal models ame-
nable to chronic dosing regimens is paramount. Second, as

these pharmacological models do not display any pathology,
they are of no use when investigating novel strategies aimed
at providing neuroprotection or neurorepair. Fortunately,
there are other animal models of PD available in which some
of these limitations are partly addressed, and it is towards
these that we now turn our attention.

Classical toxin-induced rodent models
of PD

The two most widely used rodent models of PD are the
classical 6-OHDA-treated rat and the MPTP-treated mouse. Of
these, the 6-OHDA model has been extensively used as a test
bed for novel symptomatic agents as well as providing a
means for assessing neuroprotective and neurorepair strate-
gies. Although unlikely to be the first model of choice for
testing symptomatic agents, since its behavioural phenotype
is less robust than the 6-OHDA rat, the MPTP-treated mouse
provides a useful secondary screening model and has the
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added advantage of being relatively easy to construct com-
pared with the 6-OHDA rat.

6-OHDA model

The characterization of the hydroxylated analogue of dopam-
ine, 6-OHDA, as a toxin-inducing degeneration of dopamin-
ergic neurons in the nigro-striatal tract (Ungerstedt, 1968) has
led to it being a widely used tool to induce Parkinsonism in
rodents. Unlike MPTP (below), 6-OHDA does not efficiently
cross the blood-brain barrier and so requires direct injection
into the brain. This is undoubtedly one of its main drawbacks
as specialized stereotaxic surgical instruments and training
are required. Unilateral lesions of the nigro-striatal tract are
almost invariably employed since bilateral lesions result in
marked adispsia and aphagia, rendering tube feeding neces-
sary for the maintained welfare and survival of the animals
(see, e.g., Sakai and Gash, 1994), although some studies have
utilized bilateral partial lesions (Amalric et al., 1995; Paillé
et al., 2007). 6-OHDA is injected into the nigro-striatal tract at
one of three locations: into the substantia nigra pars com-
pacta (SNpc) where the A9 dopaminergic cell bodies are
located; into the median forebrain bundle (mfb), through
which the dopaminergic nigro-striatal tract ascends; or into
the terminal region, the striatum. Often, the site of injection
is dictated by other needs - for example, where direct

Dopaminergic
neurone

inhibition

6-OHDA*

maneb

rotenone Na*-dept

Proteasome
inhibition ﬂ* ATP

COMPLEX I or Il A‘if ROSor

mechanical damage to the SNpc is best avoided, the mfb or
striatal injection models would be favoured. However, if
agents being used for early target validation studies require
direct supranigral infusion, then SNpc injection would be
preferred since a single indwelling cannula can be used for
both toxin and drug administration (see, e.g., Vernon et al.,
2008; Austin et al., 2010; Iczkiewicz et al., 2010).

Following its injection, 6-OHDA is taken up into the
dopaminergic neurons via the dopamine transporter, DAT
(Figure 1). Given that 6-OHDA also shows high affinity for
the noradrenaline transporter, NET (Luthman et al., 1989),
systemic injection of the NET inhibitor, despiramine, given
30-60 min before 6-OHDA, ensures improved specificity of
the toxin for dopaminergic neurons. Pargyline may also be
given as a pretreatment in order to reduce any potential
breakdown of 6-OHDA by MAO-B, thereby lessening the
effective dose of toxin required. Although the exact mecha-
nism behind 6-OHDA toxicity is still subject to investigation,
current understanding is that, once inside dopaminergic
neurons, 6-OHDA initiates degeneration through a combina-
tion of oxidative stress and mitochondrial respiratory dys-
function. Certainly, 6-OHDA readily oxidizes to form reactive
oxygen species (ROS) such as H,O, (Mazzio et al., 2004), to
reduce striatal levels of antioxidant enzymes [total glu-
tathione (GSH) or superoxide dismutase] (Perumal et al.,
1992; Kunikowska and Jenner, 2001), to elevate levels of iron

Lactacystin
Epoximycin
PSI

;' RNS

Inflammatory

mediators
Activated
microglial cell

paraquat "
LPS*

Figure 1

Schematic representation of a dopaminergic SNpc neuron showing the molecular targets for the various agents used to induce animal models of
PD that exhibit nigro-striatal tract degeneration. *Indicates those agents that are administered directly into the brain; all other agents are delivered
systemically. Maneb is believed to inhibit complex Ill of the mitochondrial respiratory chain, whilst the other mitochondrial toxins mainly inhibit
complex |. This activity leads to the generation of ROS or reduced ATP production, which lead to apoptosis and the cells demise. 6-OHDA and
MPP* may also induce the production of ROS directly within the cytoplasm. LPS-activates microglial cells to stimulate the release of inflammatory
mediators, which in turn produce reactive nitrogen species (RNS). Inhibition of proteasome activity allows a build up damaged proteins that
through DNA damage (not shown for clarity), and other processes can lead to cell death. Cell death is most likely apoptotic in nature, though
this remains controversial for some agents. Further details are given in the accompanying text.
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in the SN (Oestreicher et al., 1994) and to interact directly
with complexes I and IV of the mitochondrial respiratory
chain, leading to subsequent respiratory inhibition and
further oxidative stress (Glinka et al., 1997). Many of these
effects are thought to mirror events occurring in PD brain
(Jenner, 1989), thereby supporting a high degree of construct
validity for the 6-OHDA model. In addition, ongoing inflam-
mation is also implicated in the pathogenesis and progression
of PD (Whitton, 2007; Tansey and Goldberg, 2010) with
microglial activation apparent in brain in PD at post-mortem
using PET imaging with the ligand PK11195 (Gerhard et al.,
2006). Use of PK11195 has also shown microglial activation
in the striatum and SN of rats following 6-OHDA lesioning
(Cicchetti et al., 2002), whilst the presence of elevated striatal
inflammatory markers, for example, TNF-o. (Mogi etal.,
2000), further replicates what is seen in PD brain at post-
mortem (Mogi et al., 1994). Thus, construct validity of these
models is high. A pathogenic link between 6-OHDA and PD
has been suggested following reports of the detection of
6-OHDA in the striatum and urine of L-DOPA-treated PD
patients (Curtius et al., 1974; Andrew et al., 1993). Whether
these findings indicate that 6-OHDA represents an endog-
enous component of PD pathogenesis, or that it may play a
role in the enhanced oxidative stress and accelerated degen-
eration of residual nigral cells in patients receiving L-DOPA,
remains debatable (Miiller et al., 2004; Fahn and The Parkin-
son Study Group, 2005).

The 6-OHDA model also mimics many of the biochemical
features of PD, including reduced levels of striatal dopamine
and tyrosine hydroxylase (TH; rate-limiting step of DA bio-
synthesis). Further similarities with PD include increased
firing of the STN (Hassani et al., 1996; Hutchison et al., 1998;
Benazzouz et al., 2002; Breit etal., 2006) and a parallel
increase in glutamate levels and firing within the basal ganglia
output regions (entopeduncular nucleus and substantia nigra
pars reticulata) post 6-OHDA lesion (You et al., 1996; Biggs
etal.,, 1997; Breit et al., 2006), recapitulating the increased
firing in the GPi in PD patients (Hutchison etal., 1994).
Though less robust, other neurochemical features of PD, such
as elevated striatal enkephalin levels (Goto et al., 1990; Nisbet
et al., 1995; Henry et al., 2003) or depressed striatal substance
P and dynorphin levels (Fernandez et al., 1992), are also found
in 6-OHDA-treated rats (Young et al., 1986; Li et al., 1990),
strongly supporting its face validity. However, there is no
pathology in other brain regions that are affected in PD.

The 6-OHDA model shares a common failing with many
other animal models of PD as it does not lead to the forma-
tion of the pathological hallmark of PD, the Lewy body. Lewy
bodies are eosinophilic inclusions that contain ubiquitinated
proteins such as a-synuclein (Spillantini et al., 1997; Baba
etal.,, 1998) and are associated with lipofuscin-containing
lysosomes that have also been shown to accumulate
o-synuclein in PD brain stem (Braak ef al., 2001). The exact
role of Lewy bodies remains to be established, but drugs to
reduce aggregate formation are considered a potential future
strategy for treating PD. A recent report of parkin-containing
aggregate formation in 6-OHDA-lesioned rat (Um et al., 2010)
is therefore an exciting advance but requires confirmation.

The one pathological feature of PD robustly displayed by
the 6-OHDA model is degeneration of the nigro-striatal tract.
The extent of degeneration can be established post-mortem
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by assessing the reduction in various parameters in the lesion
(ipsilateral) hemisphere, compared with the intact (contralat-
eral) hemisphere including number of nissl-stained cells or
TH-positive neurons in the SNpc; levels of TH or DAT immu-
noreactivity in the striatum and levels of [*H]mazindol
binding to DAT in the striatum. Behavioural indices can also
be taken as a potential pre-screen for predicted lesion size. In
practice, animals bearing either a near-complete (>90%) or
partial lesion are produced for use in preclinical studies.

6-OHDA models with a FULL lesion. Since 6-OHDA produces
a dose-dependent degeneration of the nigro-striatal tract,
animals bearing a full or marked (>90%) lesion can be pro-
duced following administration of high amounts of 6-OHDA
into each of the three sites, though in practice, injections into
either the mfb or SNpc are most often used to produce ‘full’
lesions. In support of the face validity of these models, the
pattern of dopaminergic cell loss produced by 6-OHDA
mirrors, to some extent, that seen in the PD brain at post-
mortem, whereby loss of A9 cells in the SNPc is more exten-
sive than loss of neighbouring A10 cells in the ventral
tegmental area (VTA) (German etfal.,, 1989). For example,
injection of 8 ug 6-OHDA into either the SNpc or mfb reliably
produces over 90% degeneration of cells in the SNpc, yet only
40% loss of cells in the VTA (Carman et al., 1991). In contrast,
the rapid nature of the degeneration is far removed from the
slowly progressive nature of PD since nigral cell death com-
mences within 12 h of 6-OHDA injection, before the onset of
striatal terminal damage then, in line with striatal dopamine
depletion, is maximal around 6 days and remains stable for at
least 4 weeks post lesion (Ungerstedt, 1968; Jeon et al., 1995;
Zuch et al., 2000).

Accompanying this marked degeneration is a number of
robust spontaneous and drug-induced behavioural pheno-
types. So while the rapid nature of cell death means this
model is open to criticism when investigating novel neuro-
protective agents, it provides a stable baseline against which
to monitor the efficacy of symptomatic agents. The most
widely used locomotor assessments of unilaterally lesioned
rats are the circling responses induced by the systemic injec-
tion of either the mixed D,/D, agonist apomorphine or
amphetamine, which can be monitored using automated
rotometer systems. Through its ability to induce dopamine
release, amphetamine (1-5 mg-kg™") creates an imbalance in
dopamine transmission favouring the intact, contralateral
(i.e. opposite to the lesion side) striatum, resulting in ipsiver-
sive (i.e. towards the lesion side) rotation. Such an imbalance
can be detected with as little as a 50% loss of dopaminergic
neurons (Hefti et al., 1980; Hudson et al., 1993; Barneoud
et al., 1995), so, although evident in fully lesioned animals,
amphetamine-induced rotation cannot be used as a screen for
a marked (>90%) lesion. Apomorphine (0.01-1 mg-kg™) on
the other hand creates an imbalance in striatal dopaminergic
transmission favouring excess stimulation of the ipsilateral
(lesioned) side where denervation-induced dopamine recep-
tor supersensitivity results following nigral cell destruction,
producing contraversive (i.e. away from the lesion) rotation.
Contraversive rotation to apomorphine is only consistently
seen when >90% of dopaminergic neurons have been lost, the
point at which receptor supersensitivity occurs (Hefti ef al.,
1980; Hudson et al., 1993; Barneoud et al., 1995). It can there-
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fore be confidently used as a pre-screen to detect those
animals where 6-OHDA injection has resulted in a ‘full’ lesion.

6-OHDA-lesioned rats with ‘full’ lesions also display fore-
limb akinesia that can be measured using a range of non-
invasive tests such as the adjusted stepping test, cylinder test
and forelimb placement test. The stepping test picks out
impairment in the ability of a 6-OHDA-lesioned rat to initiate
stepping movements with the contralateral paw when moved
steadily in forehand and backhand directions (Olsson et al.,
1995; Kirik et al., 1998; Grealish et al., 2008; Austin et al.,
2010). In the cylinder or rearing test, animals bearing an
approximate 90% lesion display a preference for using their
non-impaired (ipsilateral) forelimb for vertical exploration of
a 20 cm diameter, 30 cm height perspex cylinder (Schallert
et al., 2000; Austin et al., 2010). Deficits in use of the con-
tralateral forelimb (reflective of akinesia) are also found post
lesion in the vibrissae-elicited forelimb placement test, which
assesses the ability of an animal to place its forelimb on a
bench edge in response to detection of vibrissae movements
caused by contact with said bench edge (Schallert et al., 2000;
Grealish et al., 2008). These spontaneous behaviours are, like
the lesions themselves, stable for at least 30 days post lesion
(Schallert et al., 2000) and are reversed by L-DOPA adminis-
tration (Olsson et al., 1995; Lundblad et al., 2002; Monville
et al., 2005; Marin et al., 2007), supporting their use as valid
measures of parkinsonian motor features against which to
assess the efficacy of new symptomatic drug treatments.
However, given that treatment with symptomatic drugs
occurs when PD is first diagnosed, these models, which most
likely reflect end-stage illness, are subject to criticism.

6-OHDA models with a PARTIAL lesion. Motor symptoms of
PD appear when around 60-70% of the nigro-striatal tract has
degenerated; hence, this is the size of lesion aimed for in
partial lesion models that attempt to mimic the earlier-stage
PD. Partial lesions have been produced in some cases by
reducing the dose of 6-OHDA injected into the SNpc or mfb.
Although the degree of degeneration is more variable with
reduced doses of 6-OHDA, in general, a dose of around 6 ug
6-OHDA injected into either the mfb or SNpc is sufficient to
produce around 70% loss of nigral cells and striatal dopamine
depletion within 2 weeks (see, e.g., Costa ef al., 2001a; Visanji
etal., 2006b). Unfortunately, the behavioural readouts
obtained from animals bearing a partial lesion of this nature
have turned out to be less reliable. Thus, whilst animals
bearing a partial lesion do produce ipsiversive rotations in
response to amphetamine, this response may be seen in as
few as half the animals tested (Hefti et al., 1980). In addition,
animals bearing lesions of less than 80% do not show robust
deficits in the cylinder reaching test (Hefti et al., 1980),
although other measures of forelimb akinesia have not been
reported. Therefore, this model can only be reliably used for
assessing the histological and neurochemical benefits of
potential neuroprotective agents, although the rapid progres-
sion of cell death is still a limitation for such studies.

A more slowly developing partial lesion of the nigro-
striatal pathway has been achieved by administering 6-OHDA
into the striatum, which produces striatal terminal damage
within 1 day of injection, whilst nigral cell loss is minimal at
1 week, reaching a maximum within 2-3 weeks (Sauer and
Oertel, 1994; Przedborski et al., 1995; Blandini et al., 2007).
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The pattern of cell loss again mirrors that in PD, with the
SNpc showing around 20% more cell loss compared with the
VTA (Przedborski et al., 1995). Unfortunately, the overall
extent of nigral cell loss achieved varies between laboratories,
with the intrastriatal injection of 20-28 ug 6-OHDA produc-
ing between 20% and 85% loss of cells in the SNpc and
60-90% reductions in striatal DA levels or terminals by
around 2 weeks following treatment (Sauer and Oertel, 1994;
Przedborski et al., 1995; Lee et al., 1996; Kirik et al., 1998;
Blandini et al., 2007).

Behavioural readouts are also less than ideal for assess-
ing the efficacy of neuroprotective drugs. Animals with a
partial nigro-striatal lesion (50-70%) produced by intra-
striatal 6-OHDA injection may display deficits in the
adjusted stepping test, which are maximal around 2 weeks
post lesion and stable for up to 12 weeks (Winkler et al.,
1996; Kirik et al., 1998, 2001). However, other investigations
failed to detect deficits in animals with <80% lesion (Bar-
neoud et al., 2000). In contrast, amphetamine-induced rota-
tion is consistently observed, but the intensity of rotation
does not change significantly across a wide range of nigral
cell loss (between 50% and 90%) (Lee etal., 1996; Kirik
etal.,, 1998; Barneoud et al., 2000), so, although of use in
pre-screening for a partial lesion, amphetamine-induced
rotation will not reliably detect functional improvements
even in animals where a marked degree of neuroprotection
has been achieved. Interestingly, apomorphine, which is
generally considered to only produce rotation when 90% or
more of striatal DA content is lost, may produce rotations in
animals with partial lesions (Cadet and Zhu, 1992; Przed-
borski et al., 1995; Lee et al., 1996; Kirik et al., 2001; Blan-
dini et al., 2007). This unexpected effect may reflect that
whilst the overall average DA loss is below the necessary
threshold for evoking receptor supersensitivity, a localized
loss of >90% that is sufficient to evoke receptor supersensi-
tivity may occur in some striatal areas, thus producing suf-
ficient imbalance in firing to facilitate rotations (Kirik et al.,
1998). On balance, although not perfect, the adjusted step-
ping test may provide the most consistent behavioural
readout in rats with a partial lesion induced by intra-striatal
6-OHDA. However, spontaneous recovery in the form of
sprouting of dopaminergic fibres and TH recovery in the
striatum that has been observed by 4-6 months post lesion
(Blanchard et al., 1995; Stanic et al., 2003) needs to be taken
into account when planning long-term studies with neuro-
protectve agents.

With the exception of the antimuscarinic drugs, all the
drugs in clinical use today have shown efficacy in the
6-OHDA lesion models (Table 1), supporting their predictive
validity. For example, L-DOPA and the clinically utilized
dopamine agonists (bromocroptine, cabergoline, pramipex-
ole, pergolide, ropinirole and rotigotine) produce contraver-
sive rotations akin to those described above with
apomorphine (Johnson et al., 1976; Broekkamp et al., 1990;
Eden etal., 1991; Mierau and Schingnitz, 1992; Fukuzaki
et al., 2000a; Prikhojan et al., 2000; Schmidt et al., 2008).
Amantadine also produces rotation - this time in an ipsiver-
sive manner, reflecting its pre-synaptic action to enhance
dopaminergic transmission on the intact side, as seen with
amphetamine (Reavill etal.,, 1983). Finally, the MAO-B
inhibitors selegiline and rasagiline and the COMT inhibitors



tolcapone and entacapone have been shown to potentiate
the actions of L-DOPA in producing contraversive rotation
(Heikkila et al., 1981; Nuutila et al., 1987; Tornwall and Man-
nisto, 1993; Moses et al., 2004).

In conclusion, the 6-OHDA lesion model resembles PD in
a number of key areas. It has construct validity, combining
mitochondrial dysfunction, oxidative stress and inflamma-
tion and face validity, combining biochemistry (dopamine
depletion, neuropeptide changes, etc.), nigro-striatal pathol-
ogy (SNpc cells lost > VTA) and forelimb akinesia. However,
the model does not capture all features of the illness. In PD,
pathological change occurs in many brain areas outside of the
basal ganglia such as the locus coeruleus and raphe nuclei,
and this is not recapitulated in the 6-OHDA model. In most
forms of the 6-OHDA model, cell death occurs far more
rapidly than in PD, and, although this is less so following
intra-striatal 6-OHDA administration, this model shows
marked variability in the size of lesion and behavioural read-
outs produced. Finally, the presence of intracellular pro-
teinous aggregates resembling Lewy bodies remains to be
established, and the unilateral nature of the symptoms does
not mimic that of PD. Nevertheless, as long as these limita-
tions are understood and accounted for when interpreting
effects, the 6-OHDA model will remain at the forefront of
preclinical drug discovery for PD.

Indeed, the 6-OHDA-lesioned rat appears to be a good
predictor of subsequent efficacy in the primate model of PD
(see later) and perhaps beyond in to man. A number of new
dopaminergic drugs entering phase II/III clinical trials show
efficacy in the 6-OHDA-lesioned rat, including the D, partial
agonist, aplindore (Heinrich et al., 2006) and the D,, D; and
5-HT;, partial agonist, pardoprunox (Jones etal., 2010).
Other agents showing positive outcomes in the MPTP-treated
primate, such as the non-selective monoamine uptake inhibi-
tor BTS 74-398, have also shown efficacy in the 6-OHDA-
lesioned rat (Lane et al., 2005). Similarly, non-dopaminergic
approaches to improving motor symptoms in PD, such as the
adenosine A,, antagonist istradefylline show efficacy in the
6-OHDA-lesioned rat (Lundblad etal., 2003) and subse-
quently in the primate model and in man. This suggests a
significant role for the 6-OHDA-lesioned rodent in predicting
symptomatic approaches outside of the dopaminergic arena.
In contrast, the predictive validity of the model for neuro-
protective strategies remains uncertain at this stage since
strategies that reduced nigral dopaminergic cell loss in the rat
have not so far translated to the clinic. However, adeno-
associated virus (AAV)-mediated intra-striatal delivery of the
neurotrophic factor neurturin that restores nigral cell
numbers in MPTP-treated primates (Kordower et al., 2006a)
was shown to protect against 6-OHDA lesions in the rat
(Gasmi et al., 2007). Unfortunately, this preclinical success
has not been recapitulated in clinical trials where intra-
putaminal delivery of AAV-mediated neurturin failed to show
efficacy (Marks et al., 2010). This and other failures of trans-
lation through to the clinic will be considered in greater
detail towards the end of the review.

Modelling dyskinesia in the 6-OHDA-lesioned
rat model

One of the key challenges in providing adequate long-term
drug treatment for PD is in avoiding the occurrence of the
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treatment-related motor complications such as dyskinesia
that affect the long-term efficacy of L-DOPA. For many years,
the only animal model available for assessing the likelihood
of new agents to provoke dyskinesia or for investigating the
efficacy of potential anti-dyskinetic treatments, was the
MPTP-treated primate, detailed discussion of which appears
later in this review. Since few laboratories have expertise in
using primates, and there are substantial costs involved, the
emergence of a cheaper, more accessible rodent model of
dyskinesia based on the 6-OHDA rat model is a welcome
addition. In 6-OHDA-lesioned rats, repeated administration
of either L-DOPA or dopamine agonists such as apomorphine
produces a gradually increasing number of contraversive rota-
tions (Bevan, 1983; Deshaies et al., 1984). This exaggerated or
hyperkinetic response correlates with changes in expression
of certain neuropeptides (see, e.g., Duty and Brotchie, 1997),
which are believed to play a role in the emergence of dyski-
nesias in PD and in MPTP-treated primates (see Bezard et al.,
2001a; Henry et al., 2003). Moreover, classes of drug, which
are known to reduce L-DOPA-induced dyskinesia in man,
such as op-adrenergic antagonists and 5-HT;, agonists (Durif
et al., 1995; Rascol et al., 2001), similarly reduce this hyper-
kinetic circling response to repeated L-DOPA administration
in the 6-OHDA-lesioned rat (Henry et al., 1998). However, the
relevance of the circling response alone to the complex dys-
kinesia expressed by patients (and MPTP-treated primates) is
questionable, and a more detailed examination of this phe-
nomenon has led to the description of additional dyskinetic-
like features in these animals, termed abnormal involuntary
movements, or AIMs. AIMs, which were first described at
length by Bjorklund’s group (Cenci et al., 1998; Lee etal.,
2000), are believed to mirror more closely dyskinesia as it
appears in primates. The AIMs rating scale (Cenci et al., 1998)
combines measures of a contraversive rotational response
(so-called locomotive dyskinesia), with measures of stereo-
typic behaviour, classified into three categories: forelimb dys-
kinesia, expressed as repetitive rhythmic jerks or dystonic
posturing of the contralateral forelimb; axial dystonia, mani-
fest as contralateral twisted posture of the neck and upper
body; orolingual dyskinesia, characterized by stereotyped jaw
movements and contralateral tongue protrusion. The AIMs
model has since been validated by a number of groups that
have shown again that o,-adrenergic antagonists and 5-HT;a
agonists, classes of drug known to have anti-dyskinetic effi-
cacy in PD or MPTP-treated primates, reduce AIMs (Lundblad
et al., 2002) and, equally importantly, agents like bromocrip-
tine and ropinirole, which do not provoke significant dyski-
nesia when given de novo to MPTP-treated primates also fail to
evoke AIMs in the 6-OHDA-lesioned rat (Lundblad et al.,
2002; Stockwell et al., 2008). As with contraversive rotation,
the occurrence of AIMs also correlates with changes in neu-
ropeptide gene expression (Cenci et al., 1998). It also appears
possible to distinguish between anti-dyskinetic and anti-
akinetic effects by combining AIMs measurement with that of
forelimb placing test (Schallert ef al., 2000; Monville et al.,
2005), but not with performance in the cylinder test, which is
affected by the development of dyskinesia (Lundblad et al.,
2002). So, although the MPTP-treated primate model will
remain as the gold standard for assessing dyskinesia and new
potential treatments, we are now armed with a useful rodent
model for early-stage preclinical evaluation. Indeed, transla-
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tion from this model through to primate and clinical trials
has already gained support. Thus, in line with demonstra-
tions that mGlus antagonists reduce L-DOPA-induced dyski-
nesia in rodents (Mela et al., 2007) and primates (Rylander
et al., 2010), the mGlus antagonist, AFQ-056 has been shown
to lessen L-DOPA-induced dyskinesia in two small-scale phase
II trials (Berg et al., 2011). Finally, it should be acknowledged
that in addition to facilitating the discovery of new drug
treatments for PD, the 6-OHDA lesion and AIMs models are
providing a wealth of information on mechanisms underly-
ing nigral cell degeneration and the cause of these treatment-
related side effects, such as dyskinesia.

The MPTP-treated mouse model

MPTP is a commonly used toxin for inducing both rodent
and primate models of PD based on its ability to induce
persistent Parkinsonism in man (Davis et al., 1979; Langston
etal., 1983). Subsequent investigations in non-human pri-
mates identified that selective destruction of dopaminergic
neurons of the nigro-striatal tract was the pathological basis
behind the motor deficits observed (Burns et al., 1983; Jenner
et al., 1984; Langston et al., 1984), and out of this came the
most relevant animal model of PD that persists today. The
impact of the MPTP-treated primate model in the PD field is
second to none, but first we will focus attention on the use of
MPTP in non-primate species. Many species, including rats,
are insensitive to the toxic effects of MPTP, possibly due to the
relatively rapid clearance of MPP*, the toxic metabolite of
MPTP (Johannessen et al., 1985). However, specific strains of
mice, notably black C57, and Swiss Webster are sensitive to
MPTP (Sonsalla and Heikkila, 1988) and have enabled devel-
opment of the MPTP mouse model of PD.

The mechanism behind the neurotoxic action of MPTP
has been the subject of intense investigation and is relatively
well understood (Figure 1). MPTP is a lipophilic protoxin
that, following systemic injection (usually i.p. or s.c.), rapidly
crosses the blood-brain barrier (Riachi et al.,, 1989). Once
inside the brain, MPTP is converted by MAO-B (principally in
glia and serotonergic neurons) into the intermediary,
1-methyl-4-phenyl-2,3,dihydropyridinium (MPDP*) before
its rapid and spontaneous oxidation to the toxic moiety,
1-methyl-4-phenylpyridinium (MPP*) (Chiba etal., 1984).
Following its release into the extracellular space, MPP* is
taken up via DAT into dopaminergic neurons where cytoplas-
mic MPP* can trigger the production of ROS, which may
contribute to its overall neurotoxicity (Javitch et al., 1985).
However, the majority of MPP* is eventually accumulated
within mitochondria where the key toxic mechanism occurs.
Once inside mitochondria, MPP* impairs mitochondrial res-
piration via inhibition of complex I of the electron transport
chain (Nicklas et al., 1987). This action impairs the flow of
electrons along the respiratory chain, leading to reduced ATP
production and the generation of ROS, such as superoxide
radicals. The combined effects of lowered cellular ATP and
elevated ROS production are most likely responsible for ini-
tiation of cell death-related signalling pathways such as p38
mitogen-activated kinase (Karunakaran et al., 2008), c-jun
N-terminal kinase (JNK) (Saporito et al., 2000) and bax (Has-
souna et al., 1996; Vila et al., 2001), all of which have been
demonstrated in vivo following MPTP treatment and may
contribute to apoptotic cell death (Jackson-Lewis et al., 1995;
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Tatton and Kish, 1997). Given that many of these mecha-
nisms are also features of pathogenesis in PD, this model
shows a high degree of construct validity.

The MPTP-treated mouse has some clear advantages over
the 6-OHDA lesion model, not least of all economical benefits
in terms of the cheaper costs associated with purchasing and
housing mice. Being systemically active, MPTP administra-
tion does not require the type of skilled stereotaxic surgery
that production of a 6-OHDA lesion requires. The systemic
injection also produces a bilateral degeneration of the nigro-
striatal tract, more reflective of that seen in PD. The MPTP
model also mimics many of the known biochemical features
of PD. For example, in addition to the well-known reductions
in striatal dopamine and TH, there are also elevated levels of
both striatal PPE-A (Gudehithlu et al., 1991) and ACh (Had-
jiconstantinou et al., 1985). Further downstream in the basal
ganglia, extracellular glutamate levels have been shown to be
elevated in the SN of MPTP-treated mice, a rise associated
with the induction of programmed cell death (Meredith et al.,
2009), whilst glutathione (GSH) levels are significantly
reduced (Ferraro et al., 1986) as in PD itself. Finally, in further
support of the face validity of this model, inflammatory
markers are elevated in the striatum and SN of MPTP-treated
mice (Kurkowska-Jastrzebska et al., 1999; Hebert et al., 2003),
which occurs as a result of reactive microgliosis in PD.

The MPTP model does, however, have some clear disad-
vantages over the 6-OHDA model, particularly in terms of
reproducibility and the range of behavioural readouts that
can be obtained. Mice are far less sensitive to MPTP than
primates, and the higher doses required can be acutely lethal
as a result of the peripheral neuro- or cardiotoxicity induced
(see Jackson-Lewis and Przedborski, 2007). Given that the risk
of mortality usually occurs within 24 h of the first dose of
MPTP and is dose-dependent, the high rates (up to 50%) seen
following acute bolus dosing in the earlier studies (see, e.g.,
Ferger et al., 2000) can be reduced to acceptable levels (<20%)
with reductions in the dose administered and can be almost
completely avoided using alternative protocols in which the
same or even higher total dose is given in multiple doses (e.g.
Gibrat et al., 2009). Clearly from both an ethical and practical
perspective, these more chronic protocols are favoured. The
handling of large doses of MPTP also represents a risk to
researchers, and therefore, care must be taken to reduce expo-
sure when handling both the toxin and biological waste
products from the treated animals, a detailed account of
which is found in Przedborski et al. (2001). Many factors are
known to influence the reproducibility of the lesion, includ-
ing strain of mice (and even supplier and line), age, gender
and weight (Miller et al., 1998), and together with the myriad
of published dosing paradigms that contribute further to the
variability in lesion size, this makes for a rather complicated
backdrop against which to design drug discovery studies.

The various dosing regimens used to generate the MPTP
mouse model have been extensively reviewed elsewhere
(Jackson-Lewis and Przedborski, 2007). In many cases, MPTP is
given with probenecid (250 mg-kg™), a uricosuric agent that
reduces the renal clearance of MPTP, thereby prolonging its
action. The most common protocols and the degree of nigro-
striatal tract denervation produced by these can be summa-
rized as follows: acute bolus, 1 x 30-40 mg-kg™' giving 80-90%
striatal DA depletion; acute multiple, 2 x 40 mg-kg™"' or 4 x



12.5-25 mg-kg' given at 2 h intervals producing variable
60-90% striatal DA loss; sub-acute, 25-40 mg-kg'/day for 5
days + probenecid giving 76% loss striatal DA and 60% SNpc
cell loss; chronic intermittent, 25 mg-kg' twice weekly for 5
weeks * probenecid, giving 95% loss around 1 week, but
reducing to a stable 70-80% loss by 12 weeks post treatment
(Pothakos et al., 2009); chronic infusion, 20-40 mg-kg'/day for
up to 28 days given via osmotic minipumps, giving most
variable degree of cell loss so far ranging from 25% to 80% loss
of cells in the SNpc and 28-90% loss of striatal dopamine
(Fornai et al., 2005; Alvarez-Fischer et al., 2008; Gibrat et al.,
2009). The pattern of cell death produced is similar to that seen
in humans, with the SNpc affected more than the VTA
(German et al., 1989; Sundstrom et al., 1990; Hung and Lee,
1996), and chronic infusion may also induce loss of noradr-
energic cells in the locus coeruleus, further resembling the
clinical picture (Fornai et al., 2005). However, in all cases, the
cell death is rapid in onset, with first signs appearing within
12-72 h, and is maintained for up to 28 d (Jackson-Lewis ef al.,
1995; Tatton and Kish, 1997; Novikova et al., 2006), although
striatal dopamine depletion may show signs of recovery when
using acute or sub-acute MPTP dosing paradigms (Lau and
Meredith, 2003). As noted for the 6-OHDA model, this rapidity
of cell death is not reflective of the disease itself and is an
obvious weakness of this model. Care should also be taken in
studies where assessment of the effects of MPTP are limited to
measurement of striatal dopamine content, as MPTP can exert
a reserpine-like effect and deplete catecholamines with recov-
ery over the following 2 months (Hallman et al., 1985). This
may occur in the absence of nigral cell death, and indeed, not
all laboratories have been able to reproducibly observe loss of
dopaminergic neurons with MPTP in mice.

Controversy still surrounds the issue of whether MPTP-
treated mice exhibit Lewy body-like inclusions. In one of the
earliest studies examining this phenomenon, whilst very few
inclusions were noted 3 weeks post-chronic MPTP/
probenecid treatment, by 24 weeks, several of the remaining
TH-positive SN neurons contained o-synuclein- and
ubiquitin-immunoreactive inclusions, though these did not
resemble classical Lewy bodies found in the disease (Meredith
et al., 2002). Later studies failed to find inclusions using the
same treatment regimen or following multiple-acute or sub-
chronic paradigms (Fornai et al., 2005; Shimoji et al., 2005),
and a similarly conflicting picture has emerged in animals
receiving chronic infusion of MPTP, with a-synuclein- and
ubiquitin-positive inclusion bodies noted in some studies
with 14 or 28d infusion, but with others failing to pick out
any (Fornai et al., 2005; Alvarez-Fischer et al., 2008; Gibrat
et al., 2009). Although more positive than the 6-OHDA model
in this respect, further work is needed before these models
can be reliably used for assessing agents that may prevent
aggregate formation.

Because MPTP is administered systemically, it results in a
bilateral degeneration of the nigro-striatal tract, so observa-
tions of lateralized differences in motor behaviour used with
the 6-OHDA model cannot be used here. However, MPTP-
treated mice display signs of akinesia and catalepsy, which
have been monitored using for example the pole test, beam
walking test, overall rotarod performance and locomotor
activity and rearing behaviour in the open-field arena (Sedelis
etal., 2001). Of these, measures of locomotor activity and
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rearing in open field arenas are most often used as readouts of
parkinsonian-like behaviour in MPTP mice, but the pheno-
types encountered differ greatly depending on the dosing
schedule adopted. Mice treated with MPTP via acute bolus or
acute multiple dosing paradigms display only a transient
reduction in locomotor activity and rearing behaviour, which
is lost or even reverts to a hyperactive state within 2-3 days
(Colotla et al., 1990). These acute models are therefore of
little use when assessing the symptomatic efficacy of drugs. In
contrast, sub-acute dosing with MPTP produces a more per-
sistent hypoactivity, evident within 3 h post-treatment and
lasting for at least 10 days, whilst chronic intermittent dosing
also produces a long-lasting hypoactivity and impaired
rotarod performance evident from 2 weeks post-MPTP treat-
ment and lasting for up to 6-months (Petroske et al., 2001;
Luchtman et al., 2009; Pothakos et al., 2009). Possibly reflect-
ing the wide variation in nigro-striatal lesion size, chronic
infusion of MPTP produces a varied behavioural phenotype
ranging from a reduction in locomotor activity and rearing
behaviour in the open-field arena that is reversed by apomor-
phine (Fornai et al., 2005) through to no behavioural deficits
at all (Alvarez-Fischer et al., 2008; Gibrat et al., 2009).

Where behavioural deficits are displayed, they have been
shown to be reversed by some of the drugs in clinical use
today, confirming a certain degree of predictive validity of
some MPTP models for assessing symptomatic agents. For
example, L-DOPA and the dopamine agonists bromocriptine,
cabergoline and pramipexole reverse these behavioural defi-
cits (Fredriksson et al., 1990; Rozas et al., 1998; Archer et al.,
2003; Viaro et al., 2010), whilst the MAO-B inhibitor sel-
egiline, the COMT inhibitor tolcapone, and amantadine have
been shown to potentiate the effects of L-DOPA in these mice
(Fredriksson and Archer, 1995; Fredriksson et al., 2001). The
effects of apomorphine are again more varied, with some
studies showing no effect (Rozas ef al., 1998; Archer etal.,
2003), yet others showing reversal of hypokinesia (Fornai
et al., 2005). The MPTP mouse model has also been able to
predict the efficacy of non-dopaminergic agents, such as the
A,, antagonist, istradefylline (Shiozaki etal., 1999). The
model is also expected to predict the ability of agents to
provide protection or repair against degeneration in the
MPTP-treated primate, especially given they share a common
inducer. This is certainly borne out by some studies, such as
that showing the ability of 5-HT;, agonists to protect against
MPTP-induced degeneration in both mice and primates
(Bezard et al., 2006). However, the ability to predict agents
with clinical neuroprotective efficacy is another story; if the
model was predictive, the myriad of compounds shown to
protect against MPTP toxicity would surely have led to
disease modification in PD by now.

Pesticide-induced models

Rotenone model

The realization that MPTP produced nigro-striatal tract
degeneration through the targeting of mitochondrial
complex I led to the search for other mitochondrial toxins
that might be used to model PD. The best known of the
models to emerge from this is the rotenone model of PD, but
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since its first introduction (Betarbet et al., 2000), it has con-
tinued to provoke much debate (e.g. Cicchetti et al., 2009;
Greenamyre et al., 2010). Like MPTP, the insecticide rotenone
is highly lipophilic, so it readily crosses the blood-brain
barrier and diffuses into neurons where, in a manner similar
to MPTP, it accumulates within mitochondria and inhibits
complex I (Figure 1). The ensuing reductions in ATP are not,
however, considered a cause of the toxicity; rather the pro-
duction of ROS, subsequent to glutathione depletion, is
thought to induce oxidative stress (Sherer ef al., 2003a). Oxi-
dative damage, in the form of protein carbonyl formation,
has certainly been found in the midbrain, olfactory bulb,
striatum and cortex of rats treated with rotenone (Sherer
etal.,, 2003a), just as is reported in the PD brain at post-
mortem (Alam et al., 1997). The extensive microglial activa-
tion seen in both the SNpc and striatum following rotenone
infusion (Sherer et al., 2003b) is consistent with the inflam-
matory features found in idiopathic PD (Gerhard et al., 2006;
Whitton, 2007; Tansey and Goldberg, 2010), lending support
to the construct validity of this model. Further support is
offered by the recent finding that rotenone inhibits protea-
somal activity (Wang etal., 2006b), which, as will be
described below, is also implicated in PD.

Unfortunately, in addition to its central toxicity, rotenone
shows a high degree of systemic (primarily cardiovascular)
toxicity that produces high mortality rates (~-30% of animals)
regardless of administration route (see, e.g., Betarbet efal.,
2000). There also appears to be an intrinsic resistance of some
rats to rotenone, with as few as 50% of treated animals dis-
playing neurodegeneration (Betarbet et al., 2000). All of these
factors combined, result in the necessity for using a larger
numbers of animals at the start of any study to ensure rel-
evant numbers are available for biochemical and histological
analysis.

The first report on the rotenone model of PD offered the
promise of a realistic model of PD. Betarbet et al. (2000) used
osmotic mini-pumps to drive intravenous infusion of low
doses of rotenone (2-3 mg-kg'/day) for between 1 and 5
weeks and produced variable degrees of nigro-striatal degen-
eration in around half the animals. The pattern of cell death
mirrored that seen in idiopathic PD, with greater cell loss
evident in the ventral tier of the SN, relative sparing of the
VTA and some degeneration of noradrenergic neurons in the
locus coeruleus. This study also reported o-synuclein- and
ubiquitin-positive Lewy body-like cytoplasmic inclusions or
aggregates with a dense core and fibrillar surround within the
SNpc and the rats that showed dopaminergic deficits all
developed motor and postural abnormalities. Others have
since challenged the idea that rotenone produces selective
toxicity of the nigro-striatal system but rather reveal a mul-
tisystem degeneration incorporating 20-30% losses in the
striatum of 5-HT fibres,DARPP-32 projection neurons and
cholinergic interneurons as well as ~30% loss of noradrener-
gic neurons in the locus coeruleus and SNpc cells (Hoglinger
etal.,, 2003). The presence of a-synuclein inclusions and
reduced spontaneous locomotor activity did, however, cor-
roborate the earlier findings. The outcome appears just as
variable when rotenone is given by subcutaneous, rather than
intravenous infusion (Sherer etal.,, 2003c; Lapointe et al.,
2004), casting doubt upon the reproducibility of these roten-
one models for use in drug discovery programmes. Interest-
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ingly, a recent report has provided evidence of peripheral
enteric NS pathology (in the form of a-synuclein inclusions)
following s.c. rotenone infusion (Drolet et al., 2009), indicat-
ing that it might, however, be useful for examining the less
well studied peripheral pathology and Lewy body formation
that occurs in PD.

Administration of rotenone using intermittent i.p. dosing
schedules has proven more effective to date. When low doses
(1.5-2.5 mg-kg™" i.p) are administered daily for up to 2
months, a dose-dependent reduction in striatal TH and
dopamine levels is found (Alam and Schmidt, 2002), and
animals exhibit reduced locomotor activity in the open-field
test and marked catalepsy that are reversed by L-DOPA (Alam
and Schmidt, 2002; 2004). Use of a novel fatty acid-based
vehicle has also helped reduce mortality rates considerably
and, when given i.p. in this vehicle daily for up to 30 days,
rotenone produces loss of striatal dopamine terminals, nigral
pathology (o-synuclein- and ubiquitin-positive intracellular
inclusions and ~45% cell loss) and a clear parkinsonian phe-
notype characterized by postural instability and reduced paw
reaching in the cylinder test (Cannon et al., 2009). Although
this mode of rotenone administration shows much promise,
until these findings are replicated by other laboratories,
doubt will remain regarding the reproducibility and hence
robustness of the model (Cicchetti et al., 2009).

In an attempt to mimic the most likely route of rotenone
exposure to humans, recent studies have begun to investigate
the effects of intra-gastric administration of rotenone to
C57Bl1/6] mice (Pan-Montojo et al., 2010). Although in early
days, it appears that intragastric administration (5 mg-kg™' 5
days a week for 1.5 or 3 months) causes by 3 months a modest
degeneration of SNpc cells, accompanied by a-synuclein
inclusions and reduced rotarod performance. Interestingly,
inclusions were found in the enteric nervous system and the
dorsal motor nucleus of the vagus at an earlier time point (1.5
months), leading the authors to suggest a possible transyn-
aptic mechanism by which PD might spread throughout the
nervous system, from a peripheral starting point, as suggested
by Braak et al. (2006).

Because of the variable nature of rotenone’s effects, whilst
being useful to examine aspects related to the pathophysiol-
ogy of PD, the current rotenone models do not offer robust
test beds for assessing the effects of symptomatic drugs.
Indeed, as Table 1 summarizes, only L-DOPA and apomor-
phine among the drugs in clinical use today have been shown
to reverse locomotor deficits in the rotenone model and then
only in those models utilizing repeated i.p. injections (Alam
and Schmidt, 2004; Cannon et al., 2009). However, it is worth
noting that both pramipexole and selegiline, drugs that were
examined for disease-modifying potential in clinical trials but
then failed to show clear efficacy, did protect against
rotenone-induced degeneration (Saravanan etal., 2006;
Inden et al., 2009), suggesting the rotenone model may show
promise for selecting agents with potential neuroprotective
efficacy.

Paraquat and Maneb model

Given that exposure to the herbicide paraquat (1,1’-dimethyl-
4,4’-bipyridinium) or the fungicide Maneb (manganese
ethylene-bis-dithiocarbamate) has been associated with an
increased incidence of PD (Ascherio et al.,, 2006; Costello



et al., 2009), it is not surprising that attempts have been made
to model PD using these agents.

Paraquat enters the brain via the neutral amino acid trans-
porter (Shimizu et al., 2001) before Na‘-dependent uptake
into cells occurs (Figure 1). Once inside cells, paraquat leads
both to indirect mitochondrial toxicity via redox cycling and
also direct inhibition of complex I (at higher doses) (Miller,
2007). Maneb, on the other hand, preferentially inhibits
complex III of the mitochondrial respiratory chain following
entry into the brain (Zhang et al., 2003). Paraquat and Maneb
have been shown to produce enhanced toxicity when com-
bined (Thiruchelvam et al., 2000), possibly as a result of
Maneb increasing the brain concentration and reducing
clearance of paraquat (Barlow et al., 2003). Coupled with the
fact that human exposure to one of these pesticides alone is
unlikely as they are used in the same geographical regions,
this provides a clear rationale for combining their adminis-
tration in order to produce an animal model of PD.

The combined administration of paraquat (10 mg-kg™
i.p.) and Maneb (30 mg-kg"' i.p.) twice weekly for up to 6
weeks in either C57bl/6 mice or Wistar rats produces only a
modest but fairly consistent level of nigro-striatal degenera-
tion (20-35%), with relative sparing of the VTA (Thiruchel-
vam et al., 2000; Cicchetti et al., 2005). These changes are
surprisingly accompanied in most cases (Thiruchelvam et al.,
2000; Cicchetti et al., 2005) but not all (Saint-Pierre et al.,
2006) by motor deficits manifest as hunched posture and a
decline in locomotor activity of the mice. Co-administration
of L-DOPA to mice prevents both the motor deficits and
nigral cell losses induced by paraquat and Maneb (Li ef al.,
2005), probably reflective of L-DOPA competing with
paraquat for access into the brain. Significant microglial acti-
vation and lipid peroxidation is found in the striatum, indi-
cating an inflammatory component and the involvement of
oxidative stress in the toxicity of rotenone (Thiruchelvam
et al., 2000; Cicchetti et al., 2005; Gupta et al., 2010). Some
treated animals suffer from progressive weight loss and respi-
ratory pathology, leading to quite high mortality rates that
need to be taken into account (Saint-Pierre et al., 2006), and
the model has also received criticism because of its minimal
degree of cell death and variable loss (if at all) of striatal
dopamine content (Miller, 2007). There has been no mention
of inclusions in this model either, so at this stage the model
has a limited use in drug discovery programmes. Indeed,
none of the currently used drugs to treat PD have been
examined in the model, hence its exclusion from Table 1. The
exception being selegiline, which protects against paraquat
toxicity (Liou et al., 2001), implying a potential role for this
model in assessing neuroprotective agents.

MPTP primate model

The discovery of the ability of MPTP to induce Parkinsonism
in man led to an opportunity to use systemic toxin adminis-
tration to produce a model of PD in primates with a high
degree of construct validity (Davis et al., 1979; Burns et al.,
1983; Langston et al., 1983; 1984; Jenner et al., 1984). This
had never been achieved before and those models previously
available involved surgical approaches to destroy the nigro-
striatal pathway or the use of manganese toxicity, which
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causes pallidal rather that nigral neuronal loss (see, e.g.,
Olanow et al., 1996). Indeed, MPTP has a particular efficacy in
destroying dopaminergic neurons in the primate substantia
nigra that is not seen in lower species, with the exception of
some mouse strains (see earlier). The reason for this peculiar
sensitivity is not well understood, but it may relate to the
persistence of its metabolite MPP* in the brain for long
periods of time compared with the rapid clearance that
occurs in other species (Herkenham et al., 1991). It may also
reflect a higher sensitivity of primate nigral dopaminergic
neurons to toxins such as MPTP since PD appears to be a
syndrome that specifically affects man. All species of primates
in which MPTP has been tested appear to be sensitive to the
toxin, and these include macaques, vervet monkeys, squirrel
monkeys, baboons and marmosets.

The repeated systemic administration of MPTP by intrap-
eritoneal, subcutaneous and intravenous administration in
doses that vary with species and route over 3-5 days leads to
the onset of a parkinsonian syndrome almost immediately
and certainly within a few days of commencing treatment. It
consists of akinesia, bradykinesia, rigidity of the limb and
trunk and postural abnormalities which form cardinal symp-
toms of PD as they occur in man. Without a shadow of doubt,
this model therefore has the strongest face validity of all the
animal models of PD. However, classical rest tremor is not
commonly observed; rather postural tremor is present. Those
primates that exhibit rest tremor may have a differential loss
of dopaminergic neurons in the A8 and A9 region of substan-
tia nigra (SN). Overall, the physiological basis of tremor in PD
is itself poorly understood, and it is rare for tremor to be
produced by selective lesion of the SN. In most studies, a very
marked parkinsonian state is initially induced from which
the animals partially recover over a period of weeks to then
exhibit stable motor deficits. The recovery may relate to the
adaptation of remaining dopaminergic neurons, but it may
also reflect a reserpine-like action of MPTP that initially
depletes vescicular stores of dopamine, noradrenaline and
5-HT but which subsequently recover (Rose et al., 1989a,b).
Some variants of the model exist in which MPTP can be given
by intracarotid injection to initiate asymmetric motor deficits
(Przedborski et al.,, 1991; Schneider and Dacko, 1991).
However, although PD itself is invariably unilateral in presen-
tation, this model is more difficult to assess for drug effect and
for the onset of motor complications, although it induces less
severe motor deficits in the early stages of MPTP treatment.
The motor deficits in MPTP-treated primates can be readily
assessed through the automated measurement of locomotor
activity and the assessment of motor disability using semi-
quantitative rating scales that assess many features of motor
function. In hemi-parkinsonian animals, asymmetric
changes in motor ability occur and rotation occurs on treat-
ment with dopaminergic drugs. On occasions, MPTP has
been given in small repeated doses or over longer periods of
time to induce partial lesions of the nigro-striatal pathway or
to try and produce a model of PD that is more ‘progressive’ in
nature than occurs with acute toxin treatment (Blanchet
et al., 1998b; Bezard et al., 2001b; Meissner et al., 2003). Inter-
estingly, the effects of MPTP might manifest themselves in
non-motor symptoms associated with PD. For example, in
common marmosets, there is clearly constipation, bladder
hyper-reflexia, excessive salivation and sleep disturbance
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(Albanese et al., 1988; Yoshimura et al., 1993; 1998; Barraud
etal., 2009). Rhesus monkeys on the other hand, when
treated chronically (>3 months) with low doses of MPTP
(0.025-0.1 mg-kg™, given i.v. 2-3 times per week) that do not
evoke motor deficits, display cognitive deficits similar to
those that accompany PD (Taylor et al., 1986; Schneider and
Kovelowski, 1990). Although the latter model is starting to be
used in the serach for agents able to treat this cognitive
impairment (Decamp and Schneider, 2009), it is surprising
that there has never been a full examination of the standard
MPTP-treated primate for non-motor symptoms, given their
clinical importance and the need for animal models of non-
motor signs in which pharmacological approaches to treat-
ment could be assessed.

The pathology and biochemistry of the MPTP-treated
primate shows that this is a model of selective nigro-striatal
degeneration that is only similar in some respects to that seen
in PD. There is extensive loss of nigral dopaminergic neurons
(>70%) with some of the regional differences in the extent of
cell loss and subsequent reductions in dopamine content in
the caudate nucleus and in the putamen (>90%) that occur in
man although this has been a matter of debate (Schneider
etal., 1987; German et al., 1988; 1992; Pifl et al., 1988; Gibb
and Lees, 1991; Perez-Otano et al., 1994; Varastet et al., 1994;
Elsworth et al., 2000). Other major differences are that the
loss of dopaminergic neurons is not progressive and the
pathological hallmark of PD, the Lewy body, does not appear
(Halliday etal., 2009), although accumulations of
o-synuclein may be present (Kowall et al., 2000). Pathology
does not affect the VTA or other dopaminergic nuclei to the
same extent, but there are reports of cell loss in the hypo-
thalamus and the noradrenergic cells of locus coeruleus
(Mitchell et al., 1985; Forno et al., 1986; Gibb et al., 1986;
1989; Miyoshi et al., 1988). Otherwise, cell death does not
seem to occur in a range of other brain regions that are
known to be affected in PD, for example the raphe nuclei,
substantia innominata, dorsal motor nucleus of the vagus
(see, e.g., Garvey et al., 1986). Transient changes in mesolim-
bic dopamine content, cardiac noradrenaline content (largely
in rodents) and adrenal dopamine levels have been reported,
but these are probably a reflection of the reserpine like
actions of MPTP (Fuller et al., 1984; Fine et al., 1985; Rose
etal., 1989a). Despite these distinctions between the MPTP
primate model and the disease itself, its face validity is sup-
ported in other ways. For example, as in PD, the loss of
dopaminergic neurons leads to a reactive microgliosis that
can persist long after toxin administration and that has been
suggested to reflect an on-going loss of dopaminergic neurons
that also occurred in MPTP exposed drug addicts (Langston
et al., 1999; McGeer et al., 2003; Barcia et al., 2004; McGeer
and McGeer, 2008). The loss of striatal dopaminergic input
leads to alterations in the density of D,, D, and D3 dopamine
receptors and mRNA, but the nature of these is not consistent
between studies (Bedard etal., 1986; Joyce etal., 1986;
Falardeau et al., 1988; Alexander etal., 1991; Przedborski
etal., 1991; Gnanalingham et al., 1993; Hurley et al., 1996;
Morissette et al., 1996; Herrero et al., 1996a; Decamp et al.,
1999; Quik et al., 2000). Changes in the activity of striatal
output pathways are known to occur with altered levels of
pre-proenkephalin-A mRNA, pre-proenkephalin-B mRNA,
dynorphin mRNA and glutamic acid decarboxylase mRNA
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and changes in the expression or levels of neuropeptides,
GABA receptors, adenosine A, receptors and opioid receptors
that translate into altered activity of the indirect (strio-GPe)
pathway and direct (strio-GPi) pathway (including Taquet
etal., 1988; Lavoie et al., 1991; Taylor et al., 1991; Herrero
etal., 1995; 1996a,b,c; Vila et al., 1996a,b; 1997; Morissette
et al., 1999; Obeso et al., 2000c; Calon et al., 2001; Tel et al.,
2002).

It is from the pharmacological perspective that the MPTP-
treated primate model has proved so useful. Almost immedi-
ately, the ability of L-DOPA to reverse the MPTP-induced
motor deficits was recognized (Burns etal., 1983). Subse-
quently, every dopaminergic drug used in the treatment of
PD was shown to be effective — bromocriptine, pergolide,
cabergoline, apomorphine, ropinirole, pramipexole and pir-
ibedil as were those antimuscarinic agents tested such as
trihexyphenidyl and benztropine (Close et al., 1990; Fukuzaki
et al., 2000b; Jenner, 2003b; 2008). The MAO B inhibitors
selegiline and rasagiline produced mild motor improvement
and potentiated the effects of L-DOPA. Similarly, the COMT
inhibitors, entacapone and tolcapone, were shown to poten-
tiate the actions of L-DOPA (see, e.g., Smith et al., 1997). So
here was a model with strong predictive validity for thera-
peutic effect in PD (see Table 1) that is now an almost essen-
tial step between preclinical and clinical investigations. New
dopaminergic approaches also showed effectiveness in the
model. New drug delivery systems were developed such as the
rotigotine transdermal patch (Loschmann et al., 1989; Stock-
well et al., 2009). Partial dopamine agonists, such as aplin-
dore and pardoprunox, reversed motor deficits and are now
in phase II/IIl clinical evaluation (Jackson etal., 2010;
Johnston et al., 2010; Tayarani-Binazir et al., 2010). A range of
D, agonists, including some that were active in early clinical
evaluation such as ABT-431, CY 208-243 and a range of
benzazepine derivatives, all showed effectiveness in the
model although no D, agonist has so far been introduced in
to general clinical practice (Nomoto efal., 1988; Temlett
et al., 1988; 1989; Kebabian et al., 1992; Loschmann et al.,
1992; Gnanalingham et al., 1995a,b; Shiosaki et al., 1996).
More recently, drugs acting on D; receptors have also shown
promise, but none has so far entered clinical evaluation
(Bezard et al., 2003; Millan et al., 2004; Silverdale et al., 2004).
Moreover, there has been a notable failure that urges caution
in interpreting everything coming from MPTP-treated pri-
mates. A series of studies in MPTP-treated common marmo-
sets showed drugs that were non-specific inhibitors of
monoamine reuptake, such as brasofensine, tesofensine and
BTS 74-398, were highly effective in reversing motor disabil-
ity (Hansard etal.,, 2002a,b; 2004; Pearce etal., 2002).
However, early clinical evaluation in PD has failed to reveal
any obvious anti-parkinsonian activity (Bara-Jimenez et al.,
2004; Hauser et al., 2007; Rascol et al., 2008). The reasons for
the discrepancy are not clear but may relate to differences
between the model and PD in relation to loss of noradrener-
gic and serotoninergic neurons. In MPTP-treated primates,
these could act as substrates for drug action, whereas in PD,
their loss would remove any such action. Also, it is surprising
that monoamine reuptake inhibitors do have effects in MPTP-
treated primates as the majority of striatal dopaminergic ter-
minals have degenerated, so the substrate for their ability to
increase synaptic dopamine levels is missing. Indeed, it



appears that the effects of monoamine reuptake blockers is
not striatally mediated and perhaps, a limbic or cortical
arousal effect, explains the increased motor activity observed.

Another major use of the MPTP-treated primate lies in the
study of the major motor complication occurring in PD,
namely dyskinesia. As in MPTP-exposed drug addicts, it
became clear that MPTP-treated monkeys repeatedly exposed
to L-DOPA showed dyskinesia rapidly after drug treatment
was started (Langston and Ballard, 1984; Bedard et al., 1986;
Clarke et al., 1987; Langston et al., 2000). The rapidity of
onset differs from events in PD where dyskinesia may take
years to emerge, but it reflects the high degree of nigral
denervation in these animals that lowers the extent and
duration of L-DOPA exposure required for involuntary move-
ments to appear (Smith et al., 2003; Kuoppamaki et al., 2007).
However, the nature of the dyskinesia is almost indistinguish-
able from that occurring in man and consists of chorea,
dystonia and athetosis, and these can be assessed using semi-
quantitative rating scales akin to those used in man (Lang-
ston et al., 2000). The intensity of dyskinesia is reduced by the
only drug known to be effective in the control of these invol-
untary movements in PD, namely the weak NMDA antago-
nist amantadine (Blanchet etal.,, 1998a). MPTP-treated
primates also show other motor complications and fluctua-
tions associated with the treatment of PD, such as ‘wearing
off’, ‘on-off’ and freezing, but surprisingly these have received
scant attention considering their importance to the treat-
ment of PD in man (Clarke et al., 1987; Kuoppamaki et al.,
2002; Jenner, 2009). More recently, non-motor complications
of L-DOPA treatment have been described in MPTP-treated
primates. In both marmoset and macaque PD models,
L-DOPA  treatment has been shown to evoke
neuropsychiatric-like  behaviours including agitation,
‘halucinationory-like’ behaviour and obsessive grooming,
which in some cases were responsive to antipsychotic drugs
(Visanji et al., 2006a; 2009; Fox et al., 2010). These demon-
strations open up new avenues for exploring the mechanisms
behind these L-DOPA complications and pharmacological
ways in which to treat them. However, to date, the MPTP
model has been the most instrumental in the search for the
cause of treatment-related dyskinesia by allowing electro-
physiological, anatomical and biochemical analysis of the
alterations occurring in the basal ganglia (see as examples
Crossman, 1987; 1989; 1990; 2000; Obeso et al., 2000a,b,c;
2002; 2008). Whilst these have led to concepts on the roles of
altered activity in the direct and indirect output pathways
and overactivity of the subthalamic nucleus, it is the phar-
macological evaluation of dyskinesia in the MPTP-treated
primate that has led to the most significant advances.

The repeated administration of longer-acting dopamine
agonists, such as bromocriptine and ropinirole, to MPTP-
treated primates caused only mild dyskinesia compared with
the intense dyskinesia produced by repeated L-DOPA admin-
istration (Bedard et al., 1986; Pearce et al., 1998). The same
was observed in clinical trials where compared with L-DOPA
monotherapy in early PD, ropinirole, pramipexole, caber-
goline and pergolide produced a lower incidence of dyskine-
sia in the first 4-5 years of treatment (Parkinson Study Group,
2000; Rascol et al., 2000; Hubble, 2002; Oertel et al., 2006).
This gave rise to the concept of continuous dopaminergic
stimulation (CDS), with the argument being that dopamine is
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normally released in a continuous manner causing a tonic
stimulation of dopamine receptors that is lost in PD (Olanow
and Obeso, 2000). Replacing dopaminergic tone using short-
acting drugs such as L-DOPA results in a non-physiological
stimulation that leads to the onset of abnormal basal ganglia
function and the expression of dyskinesia. Consequently, the
longer-acting dopamine agonists would cause less dyskinesia
and so should be used in the early treatment of PD. However,
there has never been a head-to-head comparison of dopam-
ine agonists of differing duration of effect in PD, and the
literature from the MPTP-treated primate now shows that
there is no difference in the intensity of dyskinesia produced
by a range of dopamine agonists with differing half-lives
(Jenner, 2009). In fact, dopamine agonists seem to prime the
basal ganglia for dyskineisa but do not lead to its expression
until L-DOPA treatment is introduced. This can be seen
experimentally in the MPTP-treated primate where repeated
administration of ropinirole or piribedil causes little or no
dyskinesia but on first exposure to L-DOPA intense dyskinesia
appears (Smith et al., 2006; Jackson et al., 2007). The same
may be true in PD where in the long term, there seems to be
no difference in troublesome dyskinesia prevalence in
patients who were started on a dopamine agonist compared
to those receiving L-DOPA treatment as inevitably L-DOPA
had to be introduced to supplement the lower efficacy of
dopamine agonists in controlling motor symptoms (Parkin-
son Study Group, 2000; Katzenschlager et al., 2008). This
raises the question of why there is a difference in the ability
of L-DOPA to control motor function in PD and to induce
dyskinesia compared with the agonist drugs. This may simply
be a question of pharmacology and have nothing to do with
the duration of drug effect. Dopamine agonists, such as rop-
inirole and pramipexole, are highly focused on stimulating
the post-synaptic D,/D; receptors and nothing else. In con-
trast, L-DOPA is rich in its pharmacology and forms dopam-
ine that stimulates D, D,, D;, Dy and Ds receptors. Some
dopamine is converted to noradrenaline, and L-DOPA can
displace 5-HT from serotoninergic neurons as well as altering
glutamate release and potentially acting as an amino acid
neuromodulator in its own right. So it may be incorrect to
think of L-DOPA and dopamine agonists as similar pharma-
cological agents.

One component of the concept of CDS does appear to be
valid and that relates to the effects of continuous drug deliv-
ery compared with discontinuous administration, and again
the MPTP-treated primate model has proved formative. The
continuous delivery of apomorphine, ropinirole or rotigotine
from osmotic mini pumps or subcutaneous depots resulted in
less dyskinesia induction than occurred on oral administra-
tion or by repeated subcutaneous injection (Bibbiani et al.,
2005; Stockwell et al., 2008; 2009). Similarly, delivering
L-DOPA more continuously by combining it with the periph-
eral COMT inhibitor entacapone resulted in less dyskinesia
than with L-DOPA alone when a four times daily treatment
regimen was employed (Smith et al., 1997). All of this has
suggested that more continuous drug delivery should be used
in the treatment of PD, and this mantra is now widely
accepted and utilized. Indeed, continuous delivery of apo-
morphine by subcutaneous infusion and L-DOPA by
intraduodenal infusion in late stage PD has been shown to
improve motor function over oral therapy and to reduce the
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intensity of dyskinesia (Manson et al., 2002; Stocchi et al.,
2005).

Recently, the MPTP-treated primate has been used to
examine the potential of non-dopaminergic therapies for the
motor symptoms of PD, and there have been several recent
reviews of this work (see, e.g., Brotchie, 2005; Fox et al., 2006;
2008). Outside of the dopaminergic area, only muscarinic
antagonists, such as benzhexol, and glutamate antagonists,
such as amantadine, have been shown to exert efficacy. The
recent approach is based on the multiple sites of pathology in
the brain in PD that affect a variety of neurotransmitters
including noradrenaline, 5-HT, acetylcholine and glutamate
and on the alterations in basal ganglia input and output
pathways that occur as a result of the loss of striatal dopamin-
ergic tone. The latter offers a wealth of opportunities for
manipulating motor function beyond the damaged dopamin-
ergic system. There are alterations in GABA, acetylcholine and
glutamatergic neurons, and these can be manipulated directly
and through adenosine, opioid, 5-HT, noradrenaline, hista-
mine and cannabinoid receptors among others. There have
been promising effects in the MPTP-treated primate with
o,-adrenergic antagonists, such as fipamezole, with 5-HTia
agonists, such as sarizotan, and with adenosine A,, antago-
nists, such as istradefylline (Kanda et al., 2000; Bibbiani et al.,
2001; Savolaet al., 2003; Fox et al., 2006; Gregoire et al., 2009).
However, translation from the MPTP-treated primate has not
gone well, and there are worrying examples of lack of efficacy
in PD. For example, sarizotan decreased L-DOPA-induced dys-
kinesia in the primate without interfering with the improve-
ment in motor function. In contrast in PD, sarizotan both
suppressed dyskinesia and worsened motor function in phase
II studies and did nothing in phase III investigations (Olanow
et al., 2004; Goetz et al., 2007). Istradefylline had a modest
symptomatic effect in the primate and did not provoke estab-
lished dyskinesia, but in man, its effects on motor function
were limited and increased dyskinesia was observed (Hauser
et al., 2008). In this case, it may be the trial design and not the
model that is at fault. The preclinical studies showed istrade-
fylline only to improve motor function when administered
with low doses of L-DOPA but not with high doses. In the
phase Il clinical studies, the drug was administered to patients
on optimal dopaminergic medication, and only small further
improvements in motor function occurred.

So while the MPTP-treated primate has value as a predic-
tive model, there are caveats that must be considered in
examining the results of evaluations in what is, after all, a
relative simple model of alterations in movement. The MPTP-
treated primate can also be used to evaluate neuroprotective
strategies, and this will be considered later. In addition, it is an
effective primate model in which to examine neurorestorative
strategies such as neurotrophic factors, cell-based therapies
and gene therapies (see as examples Iravani et al., 2001; Costa
et al., 2001b; Kordower et al., 2006a; Jarraya et al., 2009).

Moving from animal models
of symptomatic activity to
neuroprotection and neurorestoration

So far, this review has largely focused on the use of animal
models in the detection of novel symptomatic agents for the
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treatment of the motor symptoms of PD or the complications
arising from its treatment. However, the major challenge in
trying to advance the treatment of PD lies in dealing with the
progression of the disease process and in reversing the neu-
ronal damage that occurs as a result. As a consequence, we
will now review models of PD that might have value in
detecting neuroprotective and neurorestorative agents.
Earlier mention has been made of the use of 6-OHDA, MPTP,
rotenone and paraquat/Maneb to destroy the dopaminergic
nigro-striatal pathway, but in this section, those models that
mimic some known component of the disease process occur-
ring in man will be considered. From the outset, it should be
pointed out that many of these models have yet to be widely
utilized for examining neuroprotective or restorative strate-
gies, and this remains a challenge for the future.

Animal models based on hallmarks of PD
Despite the extensive knowledge of pathogenic mechanisms,
such as oxidative stress, mitochondrial dysfunction and exci-
totoxicity, underlying neuronal loss in PD, we have not
found any clinically effective means of stopping or slowing
the disease process. We have also not devised animal models
of PD that truly reflect the widespread and progressive
pathology of the illness. For these reasons, there has been
considerable interest in returning to the basic elements of PD
that form the hallmarks of the disease process. These are the
formation of Lewy bodies and the presence of activated
microglial cells. Both are being assessed for their ability to
provide novel animal models of PD with a high degree of
construct validity and to understand the role these processes
play in cell death.

Proteasomal inhibitor models. Interest in Lewy body forma-
tion was rekindled by the discovery of mutations in
o-synuclein responsible for rare forms of familial PD (Poly-
meropoulos et al., 1997). The toxicity of a-synuclein was
associated with misfolding of the mutated protein and altered
ability to be degraded by proteasomal and lysosomal mecha-
nisms (Cookson and van der Brug, 2008). When Lewy bodies
were shown to be intensely immunoreactive for a-synuclein
and also to contain nitrated forms of the protein along with
a wide range of other proteinous material, the failure of
protein metabolism in PD was proposed as being core to the
neuronal loss (Spillantini et al., 1998; Duda et al., 2000). The
subsequent discovery of two further mutations in familial PD,
namely ubiquitin carboxy terminal hydrolase-1 (UCH-L1)
and parkin, that affect the functioning of the ubiquitin—
proteasome system, further focused attention (Kitada ef al.,
1998; Leroy et al., 1998). When a reduction in proteasomal
catalytic activity and subunit expression in the SN in PD was
reported, attempts to use this as a means of producing a new
animal model of PD commenced (McNaught and Jenner,
2001; McNaught et al., 2002a). Proteasomal inhibitors, such
as lactacystin, PSI and epoximycin, were shown to selectively
kill dopaminergic cells in culture and subsequently on direct
intranigral injection to destroy the nigro-striatal pathway,
reduce striatal dopamine content and to induce motor defi-
cits in the rat (McNaught etal.,, 2002b,c). Infusions or
repeated injections of lactacystin or PSI were proposed as
providing progressive models of PD. However, it was a report



that the systemic administration of PSI/epoximycin could
reproduce many components of PD as it affected man, sug-
gestive of strong face validity, which raised intense interest in
this model (McNaught et al., 2004). The peripheral adminis-
tration of PSI/epoximycin for some days was shown to cause
a progressive loss of nigro-striatal neurons and the progres-
sive onset of motor disability. Motor disability was reversed
by the administration of L-DOPA. In addition, proteinous
inclusions related to Lewy bodies were present along with
pathology in other brain regions affected in PD, namely the
locus coeruleus, raphe nuclei and substantia innominata.

Unfortunately, these initial findings proved difficult to
reproduce and reports of failure in mice, rats and primates
quickly appeared (Kordower et al., 2006b; Manning-Bog et al.,
2006). However, in our hands and those of others, a partial
reproduction of the original report was obtained (Zeng et al.,
2005; Schapira etal.,, 2006; Bukhatwa etal., 2010). An
approximate 40% loss of nigral dopaminergic neurons was
consistently obtained on repeated subcutaneous administra-
tion of PSI at a somewhat higher dose than used before, but
while this was incremental over 8 weeks, it did not progress
further. A variable loss of motor function was observed, and
only a small increase on administration of dopaminergic
drugs presumably reflecting the low degree of dopaminergic
cell death that hovered around the point at which dopamine
loss resulted in decreased motor activity. In agreement with
the original study, there was pathology in other brain regions
and proteinous inclusions and glial activation were observed.
The key question is why these changes are so difficult to
reproduce.

Recent investigations in these laboratories suggest that
the dose of PSI is critical with optimal dosage levels above
which toxicity decreases (Bukhatwa et al., 2010). There are
also differences between routes of administration with effects
observed after subcutaneous and oral administration but not
after intraperitoneal treatment. What underlies these differ-
ences is a mystery, as nothing is known about the absorption,
distribution or metabolism of PSI and its plasma half-life has
not been measured. It is also unknown whether PSI pen-
etrates in to brain. There may also be differences in the purity
of PSI from different suppliers and between batches from the
same supplier. Perhaps surprisingly, and contrary to previous
conjecture, PSI does not appear to be unstable in solution,
and it does not seem to be rapidly metabolized in plasma.

The variability in response to PSI is frustrating as this
could potentially be a valuable model of PD in which to test
neuroprotective strategies, but nothing has so far appeared in
the literature to this effect. It appears that some drugs that are
effective in more classical models of PD as neuroprotectants
are not able to stop PSI toxicity but, then again, they did not
have any effect in man. There needs to be more investigation
of the potential of proteasomal inhibitors to provide an
animal model of PD alongside inhibitors of lysosomal func-
tion or even a combination of the two.

Glial activation models. The other key hallmark of PD is the
presence of a reactive microgliosis in the SN that accompa-
nies the loss of dopaminergic neurons (McGeer et al., 1988;
McGeer and McGeer, 2008). Glial cells would normally
support neuronal viability, but the activation of microglia
leads to an inflammatory response that is accompanied by
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cytokine release and by an induction of iNOS that leads to
nitrative stress as shown by the presence of 3-nitrotyrosine
immunoreactivity (Hirsch ef al., 1999; 2003). It is presumed
that glial cell activation follows the start of neuronal cell
death, and that it contributes to disease progression,
although it could potentially be an initiator of cell loss. For
example, increased release of TNF-o could lead to ceramide-
dependent NF-kB-mediated apoptosis.

For these reasons, lipolysaccharide (LPS) has been used to
activate glial cells in experimental models of PD and to repro-
duce to some extent the inflammatory events that occur in
man. LPS has been shown in vifro to kill dopaminergic
neurons through glial cell activation, and for this to be
accompanied by increased release of cytokines, iNOS induc-
tion, oxidative and nitrative stress and reduced secretion of
the trophic factors, BDNF and GDNF (McNaught and Jenner,
1999; 2000a,b). Its unilateral stereotaxic injection in to the
substantia nigra results also in neuronal loss and destruction
of the nigro-striatal pathway that leads to asymmetric motor
function when challenged with amphetamine or apomor-
phine (Herrera et al., 2000; Castano et al., 2002; Iravani et al.,
2005). The administration of LPS causes induction of iNOS
and the expression of 3-nitrotyrosine immunoreactivity, indi-
cating peroxynitrite formation and its attack on proteins
(Figure 1). The effects of LPS are partially blocked by iNOS
inhibitors and can also be partially attenuated by the admin-
istration of anti-inflammatory agents.

The LPS model appears to be a good model of the inflam-
matory events occurring in PD, but it does not replicate the
disease condition in a number of respects having, therefore
limited face validity. It leads to a primary loss of dopaminer-
gic neurons through inflammatory mechanisms, which flies
in the face of the current concepts of how PD occurs. LPS may
activate microglia, but it also leads to astrocytosis, which is
not a major component of the glial reaction occurring in PD.
On stereotaxic injection, it is not progressive, but versions of
this model have been examined that involve either multiple
small injections of LPS or its continuous infusion, but these
do not produce effects that outlast acute toxin action. Inter-
estingly, a single administration of LPS given to adult mice
has been reported to cause progressive dopaminergic neu-
ronal loss (Qin et al., 2007). If replicated, this may be a valu-
able addition to animal models of PD. The other shortcoming
of the LPS model is the lack of pathology in other brain
regions that are affected by PD. However, despite the limita-
tions of the LPS model, it does seem like a good test bed for
strategies aimed at limiting inflammatory change in PD and
so slowing its progression.

Animal models based on gene abnormalities
in familial PD

There have been major advances in determining the underly-
ing gene defects in familial PD that have led to the identifi-
cation of gene products and attempts to produce transgenic
models of PD in mice. The gene products uncovered have
shown commonality with mechanisms of neuronal cell death
in sporadic PD, including mitochondrial dysfunction
(a-synuclein, PINK1, DJ-1, LRRK2) and alterations in protein
folding and metabolism (a-synuclein, parkin, UCH-L1, gluco-
cerebrosidase) (see, e.g., recent reviews Yang efal.,, 2009;
Cookson and Bandmann, 2010; Hardy, 2010). Initial excite-
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ment over the description of the A30P and A53T mutations in
o-synuclein has so far failed to translate into truly effective
transgenic models of PD (see Chesselet, 2008). Attempts to
produce a-synuclein knockouts, over-expressers and trans-
genics led to a variety of abnormalities in the brain and spinal
cord, including mitochondrial abnormalities, gliosis, loss of
motor neurons, o-synuclein aggregate formation and some
functional abnormalities in the nigro-striatal system, but
there has not been any consistent reports of loss of nigral
dopaminergic neurons (Dawson et al., 2010). LRKK2 trans-
genic mice similarly display dopaminergic dysfunction and
some behavioural deficits that are L-DOPA responsive but no
noticeable nigral cell degeneration (Lin etal., 2009). The
models of autosomal-recessive PD, based on knockout of
parkin (Perez and Palmiter, 2005), PINK1 (Kitada et al., 2007)
or DJ-1 (Goldberg et al., 2005) genes, despite showing the
expected mitochondrial dysfunction and subtle abnormalities
in dopaminergic transmission such as reduced evoked striatal
dopamine release, also failed to replicate nigral pathology.
The reason for the failure of the transgenic approach to
produce an effective animal model of PD in mice is puzzling
as is the inability to get these gene defects to reproduce the
pathological changes with which they are associated in man.
Perhaps the mouse is not appropriate since, for example, the
wild-type a-synuclein in mice is one of the mutant forms in
man associated with familial PD. Perhaps ageing is a crucial
factor, or may be these gene defects do not operate in isola-
tion, and either multiple gene defects are required to trigger
neuronal loss or the gene defects operate in conjunction with
environmental triggers. However, even when all three of the
recessive genes are silenced together, as achieved in the recent
parkin/DJ-1/PINK1 triple knockout mice, this is still not suf-
ficient to cause dopaminergic cell loss (Kitada et al., 2009).
The gene defects reported may not themselves be the cause of
familial PD, but they may operate through epigenetic effects
that allow, for example the expression of effects of otherwise
silent genes that then initiate dopaminergic cell loss. One
such area that might prove useful is in changes in ceramide
metabolism linked to glucocerebrosidase mutations and to
lysomal/autophagic protein metabolism. Individuals with
Gaucher’s disease have an 8-10-fold increased risk of devel-
oping PD because of glucocerebrosidase mutations, and this
would seem highly relevant to the development of new
animal models of PD (Sidransky et al., 2009; Velayati et al.,
2010). Other suggestions as to why the dopaminergic
neurons do not generate in these transgenic models have
been highlighted in the recent review by Dawson et al.
(2010). One proposal is that when genes are either knocked
out or over-expressed embryonically, compensatory mecha-
nisms may occur in the dopaminergic system to effectively
mask the effects of the genetic manipulation. This implies
that moving towards conditional knockouts or viral vector-
mediated delivery of transgenes in the adult might yield
better models, and there is already some evidence to support
this. For example, viral vector-driven over-expression of
o-synuclein in both adult mice and primates has produced
models that more closely reproduce the pathology of the
human condition in terms of exhibiting nigro-striatal tract
degeneration (Kirik et al., 2002; 2003; Lo Bianco et al., 2004).
In passing, it is of interest to mention some other gene
defects that may be relevant to PD or to the pathogenic
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processes that underlie neuronal loss. The transcription
factors Nurr-1 and Pitx3 are essential for the development of
a dopaminergic phenotype in nigral neurons (see, for
example, Zetterstrom etal., 1997; Nunes etal., 2003).
Decreased expression of the Nurrl gene and Nurr-1 and Pitx3
polymorphisms have been associated with PD (Hwang et al.,
2003; Jankovic et al., 2005; Le et al., 2008; Fuchs et al., 2009;
Bergman et al., 2010). Nurr-1 knockout mice show marked
loss of dopaminergic neurons, increased sensitivity to toxins
such as MPTP and lactacystin and impaired locomotion com-
pared to wild type animals (Zetterstrom et al., 1997; Le et al.,
1999a,b; Jiang et al., 2005; Pan et al., 2008). Pitx3 deficient
(aphakia) mice also show marked loss of nigral dopaminergic
neurons and L-DOPA-sensitive motor deficits (Hwang et al.,
2003; van den Munckhof et al., 2006). Despite these promis-
ing phenotypes, these models have yet to be widely
employed by others. Disruption of complex I of the mito-
chondrial respiratory chain in the ‘Mitopark’ mouse has also
been reported to produce nigral cell degeneration and motor
deficits in a progressive manner, but this has not been widely
available to other investigators, and its value as an animal
model of PD remains to be determined (Ekstrand and Galter,
2009; Galter et al., 2010). In addition, mice with discrete
deletions in proteasomal subunit proteins are also available,
and these do exhibit loss of dopaminergic neurons but the
life span of these animals seems extremely short (Bedford
et al., 2008). Finally, deletion of VMAT-2 may also produce a
model of PD but not one that reflects the pathology of the
disease in man (Colebrooke et al., 2006).

Although the genetic mice models have not yet contrib-
uted to drug discovery for PD, it is possible that with further
optimization, such models will one day contribute in this
way. However, as things stand, the current genetic models
have most utility in shedding light on how the gene
mutations associated with PD might contribute to disease
pathogenesis.

Emerging genetic models in multicellular
model organisms

The disappointing outcomes obtained so far by modelling the
genetics of PD in mice have stimulated interest in developing
alternative genetic models in multicellular model organisms.
The fruitfly Drosophila melanogaster, the nematode Caenorhab-
ditis elegans (C. elegans) and the zebrafish Danio rerio offer
some clear advantages over rodents in terms of the relative
ease with which the genome can be manipulated to model
the gene mutations associated with PD and of the much
reduced costs involved in the development of genetic models
of PD, but of course, their face validity is limited by the
nature of the ‘symptoms’ these species present with. Given
that these models are in much earlier stages of development,
they have yet to play a role in drug discovery for PD; however,
they may prove invaluable in the future development of
disease-modifying strategies that have so far yielded little
success in clinical efforts. The review would not be complete
therefore without a brief mention of the promise these
models hold.

Drosophila model. Of the multicellular model organisms
available, the Drosophila model has received most attention



to date. A large number of human genes, including those
implicated in PD such as parkin, UCH-L1, PINK1, DJ-1 and
LRRK2 have highly conserved homologues in Drosophila
(Whitworth et al., 2006). Drosophila models with mutations
in a number of these genes have already been developed — but
how robust are they? Although the degree and exact pattern
of dopaminergic neuron loss may vary between models and
between groups for a given model, in general they exhibit a
good level of reproducibility. Moreover, many of the models
exhibit motor deficits, manifest as a premature loss of climb-
ing ability when the flies are permitted to ‘escape’ from a vial
housing them, although often only 50% of flies will exhibit
such losses indicating inter-fly variation.

Feany and Bender (2000) first reported production of the
o-synuclein transgenic Drosophila model of PD. In their study,
expression of either wild-type A53T or A30P mutant forms of
o-synuclein resulted in a premature loss of climbing ability,
from 20 days through to 40 days of age, that paralleled the
time course of degeneration of dopaminergic neurons and
the formation of a-synuclein-positive inclusions. Some later
studies confirmed an ~50% loss of dopaminergic neurons in
20 day-old flies (Auluck et al., 2002), although others failed to
pick out any losses, possibly due to the reduced sensitivity of
using whole-mount immunohistochemistry techniques
(Pesah et al., 2005). Subsequent studies have further con-
firmed the appearance of climbing defects in ~50% of flies
(Pendleton et al., 2002; Haywood and Staveley, 2004) and, of
key interest from a drug testing perspective, these climbing
defects were restored following treatment with L-DOPA,
dopamine agonists (pergolide, bromocriptine) or muscarinic
antagonists (atropine) (Pendleton et al., 2002).

Most studies agree that loss-of function Parkin mutant or
Parkin-null Drosophila also exhibit a relatively selective loss
of dopaminergic neurons at both 1 and 20 days of age,
accompanied by an ~60% reduction in brain dopamine levels
and the characteristic climbing deficit (Greene et al., 2003;
Cha et al., 2005; Whitworth et al., 2005; Wang et al., 2007).
Again, the behavioural phenotype could be rescued by
L-DOPA administration (Cha et al., 2005). LRKK2 mutant
Drosophila, with either a loss-of-function R1441G mutation
in the ROC domain (Lee et al., 2007), or a gain-of-function
G2019S mutation in the kinase domain, also show decreased
climbing ability and reduced TH expression (Lee et al., 2007)
or reduced numbers of dopaminergic neurons (Liu efal.,
2008; Ng etal, 2009). L-DOPA can partially restore the
behavioural phenotype in these flies (Liu ef al., 2008). PINK1
inactivation in Drosophila also leads to reduced numbers of
dopaminergic neurons and impaired climbing ability (Park
et al., 2006; Wang et al., 2006a), whilst DJ-1 mutant Droso-
phila do not produce a consistent PD-like phenotype (Park
et al., 20095).

It appears therefore that, contrary to the situation in
mice, a wide range of PD-associated gene mutations do
produce a PD-like phenotype in Drosophila with both behav-
ioural deficits and dopaminergic neuron loss. Just what role
these models can play in drug discovery programmes awaits
clarification, but they are certainly more amenable to high
throughput screening than the rodent models. In addition,
the ability to undertake genome-wide genetic screens for
mutations in as yet unrecognized genes that may result in the
disease phenotype means that Drosophila provides a powerful
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tool for the investigation of both existing and new genetic
links with PD. It is worth noting that rotenone has also been
used to induce a PD-like phenotype in Drosophila, which is
manifest as inhibition of climbing in 80% flies alongside a
30-50% loss of TH-positive neurons (Coulom and Birman,
2004). So Drosophila models may provide a useful way of
looking at the combined effects of genetic and environmental
toxins in the future.

C. elegans model. A well-characterized genome and multiple
offspring (~350) for rapid production of models and high-
throughput screening make C. elegans another ideal platform
for genetic studies. The adult wild-type worm comprises
1000 cells, about a third of which (320) are neurons, exactly
eight of which are dopaminergic playing a role in mecha-
nosensation, basal motor activity, habituation, egg laying
and defaecation. Despite its simplicity, at the molecular level
C. elegans harbours all the fundamental elements for dopam-
ine transmission, including orthologues of all the enzymes
involved in DA biosynthesis and metabolism (e.g. Nass et al.,
2001). The dopamine neurons of C. elegans are sensitive to
the neurotoxins and pesticides introduced earlier including
6-OHDA, which induces blebbing of dopaminergic neurites
and rounding of cell bodies before apoptotic cell death
occurs within a few hours (Nass et al., 2002), MPP* (Braungart
etal., 2004) and rotenone or paraquat (Ved etal., 2005),
though the latter leads to death of the whole worm, not just
dopaminergic neurons! The most common functional
readout of dopaminergic dysfunction in C. elegans is the
loss of basal slowing response, a characteristic dopamine-
dependent reduction of bending frequency when near food
(e.g. bacteria), to facilitate feeding (Sawin et al., 2000), but
other behaviours such as coiling and freezing have also been
noted (Braungart etal., 2004). However, the behaviours
induced by toxin exposure are not clearly correlated with the
loss of the dopaminergic neurons. For example, on the one
hand, 6-OHDA produces marked degeneration without
motor deficits, whereas on the other hand, MPP* produces
motor deficits even at doses of MPP* below the threshold for
inducing cell death (Harrington et al., 2010). Dopamine ago-
nists were, in this case, able to rescue the behavioural phe-
notype (Braungart et al., 2004). As with Drosophila, many of
the PD-associated genes (parkin LRRK2, DJ-1 and PINK1, but
not a-synuclein) are also conserved in C. elegans, opening
this worm up to exploitation as a genetic model of PD. Fewer
models have been developed so far, but those that have show
promise. Although orthologus of a-synuclein are not found,
models produced by over-expressing wild-type or mutant
human a-synuclein (AS3T or A30P) display degeneration of
dopaminergic neurons alongside loss of the basal slowing
response (Kuwahara et al., 2006). PD-associated mutations in
parkin and DJ-1 have been shown to further increase suscep-
tibility of C. elegans to rotenone (Ved et al., 2005), whilst
over-expression of wild-type LRRK2 increased survival in
response to paraquat and rotenone (Saha et al., 2009), indi-
cating LRRK2 mutations may enhance vulnerability in PD. C.
elegans may therefore offer another means of assessing the
effects of a combined genetic and environmental hit associ-
ated with PD. However, the power of C. elegans genetic
models most likely lies in dissecting out the molecular path-
ways involved in PD and, in doing so, we may identify novel
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targets for rational drug discovery aimed at slowing or even
reversing disease progression.

Zebrafish model. The 3-4 cm long vertebrate zebrafish that
has been used for many years to study development and
gene function is the last of the contenders as a potential
model of PD amenable to high throughput in vivo drug
screening. In zebrafish, dopaminergic neurons in the poste-
rior tuberculum of the ventral diencephalon (~14 in total;
analogous to the human SNpc) ascend towards the striatum
and are thus more anatomically comparable with the nigro-
striatal tract in mammals. These neurons are sensitive to
some of the classical PD model toxins, namely 6-OHDA and
MPTP showing reduced brain levels of dopamine, noradrena-
line and histamine within 2 days of systemic injection
(Anichtchik ef al., 2004). Although this altered neurochem-
istry is mirrored by reduced swimming, indicative of bradyki-
nesia, the chemical alterations are not maintained by day 8.
Parallel studies exposing zebrafish to MPTP via the tank
water found a similar reduction in swimming post-
treatment, which lasted over 7 days and was accompanied by
an ~20% reduction in TH-positive neurons in diencephalon,
but sparing of the locus coeruleus (Bretaud et al., 2004; Wen
etal., 2008). In contrast, exposure via the tank water to
either rotenone or paraquat was ineffective in this model
(Bretaud et al., 2004). Recent attention has focused on pro-
ducing genetic models of PD in the zebrafish. To date, inac-
tivation or knockdown of a variety of PD-related genes in the
embryo using morpholino oligonucleotide approaches has
produced zebrafish with a wide variety of phenotypes. For
example, DJ-1 knockdown produces no dopaminergic
neuron loss by itself but enhances susceptibility to oxidative
stress delivered in the form of hydrogen peroxide (Bretaud
et al., 2007). Parkin-deficient zebrafish have been shown to
exhibit specific 20% loss of ascending dopaminergic neurons
in the posterior tuberculum and impaired complex I activity,
although disappointingly no alteration in swimming behav-
iour (Flinn etal., 2009), whilst in almost mirror image,
PINK1 knockdown did not result in loss of DA neurons but
altered their projection patterns and resulted in reduced
swimming (Xi et al., 2010). Perhaps most promising to date,
LRKK2 knockdown has been shown to reduce TH and DAT
expression in the diencephalon, reduce TH-positive cells
some 25-30% (though other cell types were also affected)
and half the distance the zebrafish swim (Xi et al., 2010).
Although less amenable to high throughput screening the
LRRK2 mutant in particular looks very promising as a future
vertebrate model in which to examine some aspects of the
genetics of PD.

Animal models of PD and
neuroprotection

Animal models of PD based on toxin-induced destruction of
the nigro-striatal pathway have proved highly effective in
detecting novel dopaminergic approaches to treatment and
in the avoidance or reversal of motor fluctuations and motor
complications that occur during therapy and as a result of
disease progression. In contrast, there has been no translation
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from animal models of PD into a clinically proven neuropro-
tective or disease-modifying strategy. Many potentially
neuroprotective compounds from a wide range of pharmaco-
logical classes have been identified in rodent and primate
models, and it is worrysome that so far none has proved
effective in man. The way to make the current state of the art
clear is through a few examples.

The discovery of the toxicity of MPTP to the nigro-striatal
pathway through its conversion to MPP* by MAO-B led to the
observation that this was prevented by the use of non-
selective MAO inhibitors and selective MAO-B inhibitors. As
a consequence, MAO-B inhibitors, such as selegiline, were
thought to be potentially neuroprotective in PD. Indeed,
initial clinical trials indicated a disease-modifying effect,
although in the longer term, this turned out to be due to
symptomatic improvements mediated by potentiation of the
actions of dopamine. In retrospect, interfering with the con-
version of a toxin to its active metabolite would seem a very
limited approach to the general problem of treating the pro-
gression of PD. More recently, rasagiline, another MAO-B
inhibitor has been shown to prevent MPTP toxicity in mice
and monkeys, and again there are suggestions that it might
be disease modifying, although the current clinical evidence
is limited. Subsequently, the MPTP-treated mouse has been
used as a test bed for a myriad of potentially neuroprotective
molecules, and many positive effects have been reported.
Importantly, these reports must now show that the test sub-
stance does not interfere with the conversion of MPTP to
MPP* or its uptake into dopaminergic neurons or any other
kinetic component of its toxicity as a prerequisite for claim-
ing a neuroprotective effect. Even so, the very large number
of positives that have appeared in the literature without clini-
cal translation is a matter of concern, and there are method-
ological issues that need to be addressed. In some studies,
only striatal dopamine levels are reported, and there is no
assessment of either the effects of MPTP or the test molecule
on numbers of dopaminergic neurons in the SNpc. It should
be re-emphasized here that the use of MPTP in susceptible
mouse strains is not as reproducible from laboratory to labo-
ratory as it was initially considered, with very different treat-
ment regimens being used and no certainty that these will
cause a loss of dopaminergic neurons as opposed to a tran-
sient fall in forebrain dopamine content. In many studies,
only pretreatment with the study drug is employed, and
effects subsequent to MPTP treatment are not assessed. This
does not reflect events in PD where over 60% of nigral
dopaminergic neurons are lost prior to the onset of motor
symptoms.

The same problems of lack of translation apply to a whole
variety of other potential neuroprotective agents. Dopamine
agonists, such as ropinirole and pramipexole, have been
reported to be neuroprotective in a range of animal models of
PD, including the MPTP-treated mouse and 6-OHDA-lesioned
rat, yet there is no clinical evidence to support such effects.
Drugs that modify cell death cascades leading to apoptosis
seemed to be highly effective in preventing the toxicity of a
range of toxins in animal models of PD but were inactive in
the clinical studies that were subsequently undertaken. And
so the list goes on, with failure of translation for glutamate
antagonists, antioxidants, neurotrophic factors and anti-
inflammatory agents amongst others.



So where does the problem lie? It may be that killing
dopaminergic neurons through toxin use provides excellent
animal models for testing the effects of symptomatic treat-
ments but does not reflect the pathogenic events occurring in
man. Indeed, the cause or causes of PD at the molecular level
remain unclear, so the target for neuroprotective therapy is
unknown. The animal models of PD currently employed
reflect current thinking on the pathogenesis of PD, but this
thinking may be incorrect. Alternatively, it could be that the
animal models are giving the correct answer, but it is the
subsequent clinical trials that are at fault. The number of dose
levels used in man is limited and may not result in the
concentrations reached in brain in animals. More impor-
tantly, it is very likely that there are multiple pathogenic
events leading to PD, and these vary between individuals.
While clinical trials continue to be based on large patient
groups of mixed pathology, it may be impossible to detect
disease modification that affects small numbers of those
receiving active treatment against the background of lack of
effect in most. Urgent attention needs to be given to sub-
typing patients with PD based on genetics or biomarkers.

It is difficult to see how proceeding with more of the same
is going to lead to neuroprotective strategies for PD. We need
new approaches to generate animal models of PD that are
progressive, that reflect the disease process more closely and
that reflect the widespread pathology associated with the
disease in man and perhaps, the genetic models of familial PD
or genes that increase the risk of developing PD will eventu-
ally provide these. However, there is continued activity in
progress based on established animal models, and it will be
interesting to see if the neuroprotective/neurorestorative
effects of isradipine, exendin or cogane, which have all
shown efficacy in the MPTP mouse or 6-OHDA-lesioned rat
models (Harkavyi and Whitton, 2010; Li etal, 2009;
Meredith et al., 2008; Visanji et al., 2008), are reproduced in
the on-going clinical trials.

Conclusions

There is little doubt that the availability of experimental
animal models of PD has dramatically altered dopaminergic
drug treatment of the motor signs of the illness and in the
prevention and reversal of drug related side effects that
emerge with disease progression. However, so far, we have
made little progress in moving in to other pharmacological
areas for the treatment of PD, and we have not developed
models that reflect the progressive nature of the illness and its
complexity in terms of the extent of pathology and bio-
chemical change. Only when this occurs are we likely to
make progress in developing the next generation of drugs for
PD that aim to stop or slow the disease progression.
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